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Corona-Solar Wind Coupling Review
Joan Feynman
Jet Propulsion Laboratory

Pasadena, California 91109

Introduction:

The prediction and forecasting of particle and field environments

within the magnetosphere and iocnosphere is of importance to the Air Force
both in the pianning of missions and in the control and amelioration of the
effects of adverse environments on operating spacecraft. As Air Force space
missions become more sophisticated the need to predict environments in space
becomes more acute. In order to keep pace with the Air Force needs methods
of prediction will have to be considerably improved. This report is

intended as a contribution to that effort.

Conditions within the magnetosphere are linked to conditions within the
solar corona by a chain of three links; the coupling between the corona and
the soiar wind in the vicinity of the sun. the propagation of the solar wind
from the vicinity of the sun to the vicinity of the earth. and the coupling
of ‘he solar wind at 1 AU to the maenetosphere. facnh of these three links
can be studied separately. This report is a review of the first link.

corona-solar wind roupling.

In order to determine which solar wind parameters are most important
for prediction purposes a short preliminary review was undertaken of the

propagation of solar wind from the sun to the Earth and the wavs in wnich
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geoeffective parameters changed during that propagation. A report on that

preliminary survey is given in Appendix 1.

As a result of that study we here focus on questions of importance to the
prediction of the primary geo-effective parameters; the solar winc¢ velocity,
v, and the north-south component of the interplanetary magnetic fieid. B,.
Other parameters influencing geomagnetic activity receive less attention.
These include the magnitude of the interplanctary field, iB:. and its
components in the solar equatorial plane Bx (along the Earth-Sun line) and
By (orthogonal to By and B, and positive in the direction of pianetary
motion), the density and perhaps the composition. The philosophy of the
review is to concentrate on work relevant to the prediction effort. A
complete review of the field of corona-solar wind coupling is beyond the

purview of this report.

It is traditional to consider two different types of sources of soiar
wind, steady and transient (see figure 1). In the steady case the
properties of the source region do not change significantly on a time scale
long compared to the time it takes for the solar wind to travei from the sun
to thc earth. (i.e. several days). Coronai hoies emit this typc of wind.
Steady state solar wind theories are believed to be applicable. Conversely.
for transient solar winds, properties of the source change on time scales
short compared to the sun-earth transit time of the plasma. Although there
is recent evidence that this steady vs. transient dichotomy may not always
be wvalid, the organization of this review will reflect that notion. In

section 1 solar wind theories dre discussed. SPction 2 reviews cuiohizl




hoiles., section 3 deals with transient events. section 4 describes what
little we know about the sources of the slow solar wind. and section 5 deals

with specifications of conditions on a "source surface” that can be used as

the inner boundary for {nterplanetary propagation models.

1. Solar Wind Theory

Theory of the solar wind is in a surprisingly unsatisfactory state
considering the length of time the wind has been observed and the extent of
the theoretical effort. Most early treatments of the solar wind problem
assume a geometry for the coronal magnetic field and concentrate on
predicting the velocity, density and temperature at Earth. The original
simple Parker theory predicts a Qind that is slower and hotter than observed

{c.f. Hundhausen., 1972}. The earliest modification that was attemptced

trecated the wind as made up of two separate fluids. electrons and protons.
These models predict a wind that is slower, denser and cooler than observed.
Various attempts have been made to develop theories that predict the higher
velocities and lower densities actually observed but to date there is no
theoretical treatment of the problem that has received general agreement in

the solar wind community.

During the 20 years that the solar wind problem has been studied there
have been a number of approaches to the problem. Several properties of the

system of equations are known (sece for example review by Leer et al. 1982).

The two fluid model studies indicated that energy had to be added to the
wind at positions above the lower corona where the initial conditions of the

theories are set. The position at which heat and momentum are added to the




solar wind is important in determining the response of the wind to these
additions. The addition of heat in the region near the sun, in which the
solar wind is subsonic. increases the mass flux that would be observec at
the earth but has little effect on the velocity. Heat addition in the
region in which the solar wind is supersonic does not effect the mass flux
but increases the velocity at earth. The effects of an increase of momentum
in the subsonic or supersonic regions is the same as those for velocity
except that the effects are significantly larger than those associated with

the addition of the same amount of energy by heating (Leer et al., 1982|

The effects of using different expressions for the heat conduction
terms have also been studied. The earliest models used the heat
conductivity term described by Spitzer which should be valid if the magnetic
field is radial and the plasma is collision dominated. Although both of
these conditions are expected to hold within the corona thev wiil begin to
fail as the solar wind leaves the vicinity of the sun. The effect of the
non-radial interplanetary field on heat conduction has been studied by
introducing a heat flux density given by the classical Spitzer value times
the square of the cosine of the angle between the radial direction and the
local magnetic field. In other studies two different forms of heat
conduction were used, collision dominated near the sun and collisionless far

from the sun.

Non-spherical expansion

The earliest models of a solar wind expansion treated the sphericaiiv

symmetric case but the discovery that the fast solar wind came fror coron..




holes implied that the wind expanded more rapidly than 1/r2. The effect of
the more rapid expansion is to increase the acceleration close to the sun so
that the point at which the wind becomes supersonic occurs closer to the sun
than in the spherically symmetric case. However. there is little effect on
the velocity at earth. An observation important for prediction was
clarified by this study; i.e. if high velocity solar wind observed at earth
is traced back to the sun assuming a constant velocity, the point back to
which it is traced is close to the region of its actual source determined in
other ways. This observation is not in agrcement with simple sphericaily
symmetric models because the initial acceleration is sc slow in those models
that the sun rotates a significant amount while the solar wind is rising out
of the corona. Low velocity solar wind can not be as easily traced to its

source regions.

wWaves and Turbulence

Another set of theoretical models that has been studied are models in
wnich energy and’/or momentum is added to the solar wind by interaction with
waves.. Barnes (see review, 1978) examined the effects of magngtosonic waves
which are damped near the sun. Hollweg (1976) has studied the effects of
Alfven waves in both adding momentum to the wind and in heating and
accelerating helium in the wind. Unfortunately neither of these approaches
vields satisfactory results for the velocities, densities and tempcratures

of the high velocity wind at earth.

In recent years the notion of turbulence in the solar wind has been

receiving more attention. There arc some differences between a colicetion




of waves and turbulence. It has been recognized for some time that tne
"Alfven waves” in space can not be represented as a linear superposition of
small amplitude non-interacting waves and therefore they are not strictiv
Alfven waves. The observed waves have large amplitudes and are nearly non-
compressible. The observed minimum variance direction of the magnetic fielc
fluctuations is the direction of the Parker spiral magnetic field, which is
then identified as the observed direction of propagation of the phase
velocity. However the theoretically predicted direction of propagation of a
linear superposition of non-interacting waves would e radial. Attempts to
bring these two results into agreement have not been generally satisfactory.
The spectra of the Alfvenic variations are power laws which suggests theyv
are due to Kolmogorov turbulence. since theories of hydromagnetic
turbulence predict that the spectrum for ideal incompressible inertial-
range hydromagnetic turbulence consisting of a hierachy of Alfven waves will

bc a power law spectrum with an exponent of 3.5 (Kraichnan, 1965).

Several new approaches to the problem of the solar wind theory are
being deveioped. It has been traditional to start the solar wind problenm
with a hot corona. One new approach considers thc entire problem of heating
the solar atmosphere (transition region. corona and sojar wind) as a sing.e
problem. In the approach of Hollweg (1986) waves are assumed to originate
in the photosphere and then propagate, producing the entire structure of tne
solar atmospherc. It is aiso assumed that the waves dissipate at the
Kolmogorov rate. The qualitative results of Hollweg's anaivsis are
encouraging in that he finds a steep temperature risc to a maximum coronal

temperature of more than a million degrees. a substantial sclar w.ra fi.s
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and non-thermal velocities at the bases of holes. However the model fails

in detail in that there was no value that could be found for the wave flux

that would give realistic results for the wind velocities and coronal
heating at the same time. Although this may mean that the model does not
include the relevant physics of the problem it may also be due to the
simplifying assumptions that had to be made. At any rate the notion that
the entire solar atmosphere be considered as one problem is very

attractive.

A different new approach has been taken by Pneuman (1983). He has

deveioped a model of the solar wind which utilizes magnetic fields expelled
by small scale magnetic reconnection as a driving force in addition to that
provided by the gas pressure. In this model a magnetic element in the form
of a loop is injected into the atmosphere by sub-photospheric forces. for
example magnetic buovancy. The 1loop is forced into an already existing
ambient masnetic field. Stresses are produced by the ambient field which
tend to pinch off the loop and cause the fields within the loop to reconnect
so that a diamagnetic plasmoid is formed. If the ambient field decrecases
outward, as it would in a coronal hole, the plasmoid would be accelecrated
outward., thus increasing the spced of the solar wind. Pnecuman investigated
these processes using a simple isothermal wind model. He found that the
velocity of the solar wind at earth could be significantly increased.
Figure 2 shows the velocities at earth for different ratios of the mass flux
carried by the diamagnetic elements to the total mass fJlux. The velocity
can be about doubled at earth if all the solar wind was accelerated in

diamagnetic plasmoids.




An important problem for the prediction effort is to produce a moael
which not only gives the correct values of the veiocity. density and
temperature of the solar wind as it rises from the corona, but also gives

the magnetic field at the same time. Steinolfson et al., (1982) have

recently attacked this problem by developing a self consistant model of
fields and particles from a coronal hole. Their work is described in
section 5§ where the specification of conditions on the surface which serves

as a source for interplanetary propagation models is discussed.

2. Coronal Holes

Since the beginning of this rentury it has been known that geomagnetic
storms often recur each 27 days. i.e. the period of solar rotatiorn as
viewed from the earth. Although the recurrance period indicated that
regions on the sun caused these storms, no specific structure was apparent
on the solar disk that could act as a source for them. The mystery of these
sources was solved in 1973 when soft X-ray observations from Skvlab revealed
large coronali dark regions or "holes” surrounding each of the solar polar
region; and having major extensions that reached towards the solar

equatorial regions. It was soon shown (Neupert and Pizzo, 1974) that the

equatorward extensions of the holes were the sources of the high speed solar
wind causing the impressive series of recurrent storms in 1973-1974. Since
the Skylab era a great deal of work has been done to describe the properties
of coronal holes and the solar wind they emit. In this section the current
knowledge of the behavior of holes as they relate to geomagnetic activity is

reviewed.




Observations

Holes can be observed in soft X-rays and XUV, by white light
coronameters and in several lines of the solar spectrum. The methods of
observations are of very different levels of accuracy and clarity. In table
1 information on each of the methods has been gathered to facilitate

comparison.

The original observations of holes were made bv the soft X-ray ard XUV
instruments on Skylab in 1973. They appear as large dark regions on the
face of the solar disk with strong brightness contrasts betwecen the holes
and the rest of the corona. These Skylab holes had very sharp bourndaries
and there were X-ray bright points associated with them. About six months
of data were collected before the X-ray instrument ceased to he operational.
Data on holes has becen less satisfactory since that time. The only high
resolution full disk X-ray images have been provided byv rocket fliights art

approximately 18 month intervals.

Holes can also be seen in the coronal white light observations in which
they appear as dark alleys in the corona projected against the sky. At
present they are being monitored from the Solar Maximum Mission and by earth
based coronamcters such as that at Mauna Loa. They were also observed by
the Solwind coronameter but that was destroyed in 1985. These observations
have the drawback for prediction systems of being on the limb. This is not

a serious drawback for prediction if the holes are very stable as they were

in 1973-1974. They are expected to be stable during the declining and
minimum phase of cach cycle. However., at other phases of the sunsvot cvele
9
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it can be quite serious since holes are not stable during the ascendinv
phases or solar maximum. Stable lony lived holes have been less evident
during the declining phase of the cycle that maximized in 1979-1980 tharn

they were in the previous cycle.

The behavior of holes in the 1960's and early 1970's has also been
inferred from data on lines of magnesium, iron and helium that were observed

from 0S0-6 and 0S0-7 satellites (Broussard et al., 1978). These data arc

taken against the solar disk and refer to various levels within the
chromosphere and lower corona. Holes are also inferred in He 10830 which is
monitored at Kitt Peak Observatory. This method of observation has the
advantage for solar terrestrial relationship studies that the holes arc
observed on the face of the sun. However the accuracy with which hoie
boundaries can be determined is quite low. This is a very serious probiem
for studies of the relationships of specific properties of holes to
parameters in the solar wind. Another possible indicator of holes exists in

the iron lines. Altrock (1985) shows an example of a hole inferred from

analysis of the Fe XIV 5303 A (green line) from Kitt Peak Observatory.
These two methods of hole observation each have different drawbacks in that
the He 10830 is not truly a coronai line but involves the chromosphere and
is difficult to interpret, whereas the Fe XIV observations are low
rcsolution. The use of the two types of observations topether would perhaps
form a much improved monitoring system over either of them alone (Altrock.

personal communication, 1986).

10
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Properties of Holes Important to Solar Terrestrial Relations

The coronal holes observed by Skyiab in 1973-1974 have become the
standard to which holes in other periods are compared. These holes were
very large, stable distinct features with strong contrast and sharp
boundaries between them and the rest of the solar corona. Skylab hole
characterization included almost rigid rotation, a nearly one to one

association of holes and open solar magnetic field regions (Webb and Davis,

1985) and large low-latitude extensions of polar holes, with a strong
correlation between low latitude holes and high speed solar wind streams
observed in the ecliptic. Several studies have suggested these
relationships are less clear for holes occurring during other parts of the

solar cycle or in other cycles.

One of the most interesting observations made in the early days of hole

observations was that holes did not take part in the differential rotation

(Krieger_ and_ Timothy et al.. 1975). In a recent paper Shelke and Pande
{1985) have taken a new look at this question. They conclude that some
hnles do show a degree of differential rotation. They also seem to drift

westward in the equatorial zone and eastward at latitudes greater than 10
degrees. In the equatorial zone thec recurrence period of holes was close to
26.9 days. The recurrence time rose to 28.8 at the highest latitudes (40-60
degrees). This may be related to the changes of recurrence interval of the

interplanetary sector structure with sunspot cycle phase reported by

Svaipaard and Wilcox (1975).
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An important problem for geomagnetic prediction is the birth and life
history of holes. The formation of holes is an area in which a large amount
of work is now being done but no clear concensus has yet evolved. Earlv in
the study of holes it was noticed that there were small bright points scen
in X-rays within the holes. Later research showed that these were regions

of emerging magnetic flux. The relationship of these bright points to the

growth and decay of holes is the subject of several recent studies. Davis.

(1985) studied X-ray bright points in equatorial coronal holes and found
that the areal density of bright points within the holes increases linearly
with time but that this is a local properiy and not related to the growth

and decay of holes.

Studies have also been made of the evolution of holes during the
sunspot cycle and a rather clear picture is emerging. From studiecs of
geomagnetic storms we know that recurrent storms appear during the declining

and/or minimum phase of each sunspot cvcle (Newton, 1948) and it is

thercfore generally believed that coronsl holes like those of 1973-1974.
i.e. large polar holes with equatorial extensions also appear at these times
in each cycle and., in fact. that the evolution of holes with the solar cycice
observed since 1973 is typical of all cvcles. The life time of those hoies
implied by geomagnetic activity is in the range of months or years. During
the ascending phase the equatorward extensions of the polar holes disappear
and are replaced by small low-latitude holes with lifectimes of a few months.
Their rotation period is latitude dependent. The identification of these

small holes as sources of the solar wind at earth beromes less secure

(Sheeley and Harvey. 1981). The arca of the corona occupied by holes aisc

12
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decreases. Near sunspot maximum phase the new cycle begins with the chanee
E. in magnetic polarity of the fields at the poles of the sun and the
{ development of new stable holes. This sequence of events is undoubtediv

related to the solar cycle in the configuration of the neutral shect

described in section 5.

The holes observed since 1974 are not as dramatic as the original

Skylab structures. Kahler et al. (1983) found an apparant decrease in the

brightness contrast between coronal holes and large scale coronal structure

after 1974. Webb and Davis (1985) have analysed the rocket flight X-ray

data for the ycars 1973 to 1981 and find a difference of a factor of 10 to
50 in average X-ray intensity with the minimum intensity ocurring in 1974.
The intensity then rose uniformly until the last year of the data set. 1981,
The contrast between the hole emission and the diffuse emission was also
found to decrease. The association between open magnetic field structures
predicted from photopheric fields and holes was also less clear (Levine,
1882). Open ficlds apparently emanated from active regions as well as from

holes.

In a very interesting study Harvey et al. (1982} found that low

latitude coronal hoies contained three times as much flux near sunspot
maximum as near minimum although the arecas of the holes were about equai.
It might have been expected that the solar wind field would reflect this
increase in flux within holes by an increase in magnetic flux measured in
the wind. Harvey et al. state that the interplanetary flux remained

relatively constant but Slavin and Smith (1983) have reported that the soiar

13

A:—-—_




wind mcan field increased after 1978 as shown in figure 3. The question of
whether or not the increase in field intensity in space is related to the
increase at the base of holes is an important one in solar terrestriai
relations because of the relationship between geomagnetic activity and the

interplanetary fields.

3. Transients

In this section we will deal with those events in which parcels of
material or sudden increases of energy are injected into the solar wind. We
include classical flare associated events. major events that may be
associated with rising solar prominences (disparation brusque) and the morc
recently observed phenomena., coronal transients (coronal mass cjections).
All of these transient events are related, although thec exact natures of
their relationships arc not well delineated. We do know however that some
of them are geoeffective phenomena. For example, major soilar flares are
associated with sudden commencement geomagnetic storms. althouph the
relationship is far from one to one. Rising solar prominences are aiso
statistically related to geomagnetic storms and it has becen recentiv
suggested that the storm-rising prominence relationship may be stronger than

the storm-flare relationship (Joselyn and McIntosh, 198]). Coronal

transients in general! however occur at the rate of one or two per day and
most of them do not cause noticeable geomagnetic activity. But transients
accompany rising prominences and some major flares and mav be the entity
through which parcels of material are injeccted into the solar wind during
those energetic events which. of course. do cause major geomagnetic Storms.

Hence studies of coronal transients are fundamental to the understandine of

14




corona-solar wind coupling responsible for geomagnetic activity.

Observations

Solar flares are monitored from a world wide network of surface
observatories of Hydrogen alpha emissions. The data are collected and a
list of flares observed at each of the stations is compiled by the World
Data Center A in Boulder, Colorado. and published as a series of monthly
data reports. The reports contain inforeation on the area. H alpha
brightness, time of beginning and end, position and accompanying
electromagnetic emissions. A world wide alert is issued by thc NOAA Space
Environment Laboratory when an event is detected on the sun that is expected
to cause a major gcomagnetic storm. This same network also monitors rising
prominences. Prominence maps are included in the monthiy reports of the
World Data Center.

Table 2 1lists the instruments used to observe transients. Coronal
transients were first observed in 1973-1974 from the Skylab satellite. They
were seen in the High Altitude Observatory's white light coronagraphs as
regions of high density material rising through the corona. A schematic of
a loop type transient is shown in figurc 4. The loop gradually rises and
expands until its outer edge leaves the field of view of the observing
instrument and all that remains of the loop are the two rays corresponding
to the loop legs. The bright legs sometimes persist for days. Material is
rarely. if ever, scen 's o ceturp to the corona. The high density structure

is interpreted as outlining a magnetic structure within the corona.
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Most coronal transients have been observed using white light
coronameters where they are seen projected against the plane of the sky.
This projection presents a problem for solar terrestrial studies since very

few of the observed transients are moving in the direction of the earth.

Three coronameters observing transients have been flown in space. two
by the High Altitude Obscrvatory-National Center for Atmospheric Research
{HAO-NCAR) and one by the Naval Research Laboratory (NRL). The HAQ
instruments were carried by Skylab and the Solar Maximum Mission (SMM). The
NRL instrument was on the Solwind satellite. The HAO-SMM instrument. which
is a coronameter and polarimcter. covers thc corona from 1.8 Ry to 5 Rg. and
is still observing at the time of this report. In the data analysis thc
pictures are used directly and not differenced. The NRL Solwind instrument
covered the range from 2 or 3 Rg to 10 Rg. Solwind., with its operating
coronameter was destroyed in 1985, ending the longest string of data on
coronal transients that we had. The NRI. data is differenced during data
analysis, that 1is successive pictures are subtracted from one another.
leaving a picture which shows only the changes that occurred. There arc
some interesting disagreements between the results of data analysis of the
HAO and NRL data which bave not yet been resolved. They involve such
matters as rates of occurence and speed distributions and are probab.y duc

to differences in observation and analysis techniques.

Coronal transients at low altitudes in the corona a:¢ observed from the
ground based HAO coronameter at Mauna Loa. Two instruments have been uscd.

Mark 1 in 1965-1967 and 1969-1978 and Mark 2. from 1979 to the present.

16
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L Mark 2 observations cover the distance range from 1.2 to 2 Rg and compiemen:

h the HAO-SMM instrument so that together they cover the ranee from 1.2 Rg to

N 5 Rg. The Mark 2 data is differenced in data analysis.

Recently several new methods of observing coronal transients in space
have been developed. one wusing zodiacal light measurements from the Helios

spacecraft {(Richter et al.. 1982) and the other using the NASA deep space

network (Woo, and Armstrong 1981). The Zodiacal light experiments can

observe transients out to 0.5 AU and detects disturbances at the point of
ncarest approach to the sun along the line of sight. Studies are also being
done to evaluate the feasibility of using Fe XIV 5303 line observations to
detert transients. No mcethod of observing transients directly apainst the

disk has been developed.

Flare - storm and prominence - storm relationships

A vast- literature exists on the relation (and/or lack of it) of solar
fiares to geomagnetic activity. That literature wili not be revieﬁed here
in detail. Suffice it to say that some solar flares inject material and or
energy into the solar wind in such a way that geo-effective solar wind
appears at Earth. Since only some flares do this many searches have bceen
made to define the properties of the fiares that causc storms. Among the
most careful and dedicated workers in this field are E. Ruth Hedeman and
Helen Dodson-Prince. Shortly before their recent retirement they produced
same papers which I consider to be the most reliable documents on solar

flare peomagnetic storm associations. They rate each flare according to a

17




group of properties that are empirically the most closely related 1o
geoeffectiveness. This rating they called the Comprehensive Flare Inaux
(CFI1). They also studied the geoeffectiveness of 269 major flares (i.e. (II

one or greater)(Hedeman and Dodson-Prince, 1981, Dodson-Prince et al. .

1978). The flares were considered geoeffective if they were associated with
a storm in which the maximum 3 hourly Kp was >5. The derivation of the CFI

is given below (from Hedeman and Dodson-Prince, 1980).

"Derivation of Comprehensive Flare Index (CFI)

To assist in the evaluation of the relationships between flares
and geophysical effects. a Comprehensive Flare Index (CFJ)based on
the radio frequency and ionizing radiation of a flare as well as

on its optical importance was developed by Dodson and Hedeman (UAG

Report 14, 1971). The index is determined by five components

which., when taken sequentially, constitute a crude profile of the

electromagnetic radiation of the fiare. The sum of the five

components gives the Comprehensive Flare Index are as follows:

1. Importance of ionizing radiation as indicated by timec-
associated Short Wave Fade or Sudden Ionospheric
disturbance; (scale 0-3)

2. Importance of H flare (scale 0-3)

3. Magnitude of 10 cm flux (characteristic of log of flux
in units of 10722 wm 2 (Cc/s) ).
q, Dynamic spectrum (scale 0-3; Type Il1 = 1, Continuum = 2,

Type IV with duration > 10 min. = 3).
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5. Magnitude of

200 MHz flux (characteristic of log of

flux in units of 10-22 wm-2 (c/s)-1).

The Comprehensive Flare Index can be determined for any flare for

which the needed observations exist. Values of the Index have

been derived and published in Dodson and Hedeman. UAG Reports 14

and 52, 1971 and 1875."

The result of the flare-storm study is seen in figure 5. Clearly a CFI > 14

is a reliable storm predictor. However, there were only 7 surh flares in

the 4 years studied.

1f our understanding of (and hence our ability to predict) the ways in
which the sun causes geomagnetic activity is to progress we must go bevond
statistical studies of associations and studv the process through which this
relationship is accomplished. Iin the case of solar flares the first
question that comes to mind is whether or not actual material is expelied
into the solar wind in association with a flare, or is it only additional
energy that is emitted into the wind. The difference is the same as that
between a bullet and a clap of thunder. Observations of solar wind
properties associated with specific flares have been interpreted as
indicating that actual material is expelled. at least in some cases

(Hirshberg et al. 1970). It is still not known if material is expclled in

every case. As far as the geoeffective parameters., velocity and southward
magnetic field are concerned, both of these quantitics reach very high

values in flare associated events (Hirshberg et al. 1970). Velocities of

well over 1,000 km'scc have becn observed and southward fields of over 50 nT
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are not rare. A problem arises in understanding the source of the huge
southward magnetic fields. wWe have not yet established whether the
southward field is induced by distortion of fields within the ambient solar
wind or if the fields occur within the material ejected in association with

the flare, i.e. the driver plasma.

Although this review focuses on the primary geoeffective parameters v
and Bz, two other parameters that influence (or might influence) geomagnetic
activity are mentioned in the introduction, density and composition. As far
as density is concerned. its main effect is to compress the magnetosphere.
The high velocity material from the sun associated with major solar flares
is supersonic With respect to the ambient solar wind. which causes a shock
to form in front of the driver gas. This shock. of course, causes the
sudden commecncement of magnctic storms. The other parts of the development
of the storm (initial phase, main phase and recovery) are due to the
structure within the scolar wind that follows the shock. They are not due to
processes within the magnetosphere set in motion by the sudden commencement
As far as the composition jis concerned, the driver plasma oftcnrrontajns

more than 10% helium by number or 20% by weight (Hirshberg. et al. 1970}).

However. no one has yet demonstrated a gcomagnetic or magnetospheric effect

of this high helium content.

Properties of Coronal Transients (coronal mass cjections)

The importance of coronal mass ejections (CME)} to the problem of
prediction of geomagnetic activity iies in the fact that geo-cffective

ejections are a subclass of coronal transients so that studies of mass
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ejections in general will illuminate the processes involved in producing
geomagnetic effects. Coronal transients form an extremely important new

source of data on solar terrestrial relationships.

Thousands of mass ejection events have been observed since they were
first detected in 1973-1974 and studies of their properties have begun to
provide descriptions of the phenomecna. However, these descriptions are far
from complete. The emerging picture of coronal transients is reviewed in
some detail here to help identify outstanding problems the solution of which

will aid in the effort to develop a more accurate prediction capability.

Statistical studies of large numbers of transients have been carrijcd
out to give a picture of their general properties, There are some
differences between the exact results from the NRL and HAO instruments
which, as mentioned earlier, are probably due to differences in both the
instruments uscd and the methods of analysis. However, both groups agrec
that the rate of occurrence is about 1 or 2 per day. They occur at all

position angles relative to the sun's equatorial plane (Sheeley et al.,

1980, Hundhausen et al., 1984) and material is rarely if ever observed to

return to the sun. The velocities range from 50 km/sec to aimost 2.000

km/sec (Sheeley et al., 1982). The lower limit of 50 km/sec may well be due

to difficulties in observing slower transients. The maximum velocity that

had been observed in 1982 was 1,825 km/sec. Howard et al., (1985) studied a

large sample of data and found an average velocity of 470 km/sec with an
average mass of 4 x 1019 grams c¢jected per cvent. This velocity is ahout

the same as that reported for the 1973-1974 period (Gosling et al., 1976 ).

21

e




It is estimated that about 5% of the mass flux at earth comes from coronal

transients. This may well underestimate the importance of transients to
geomagnetically disturbed periods. The distribution of geo-effective
paramcters in transients seen at Earth is unknown. However, since the

direction of the magnetic field within them is not constrained by symmetry
to be in thc solar equatorial plane (as it is for a spherically expanding
solar wind) coronal transients may contribute to geomagnetic activity out of
proportion to (I (oalribution they make to the solar wind mass flux. The
average mass and energy for all transients may be compared to the average

mass of 3.5 x 1016 grams and encrgy of 1.4 x 1032 ergs for material

associated with interplanetary shocks at earth (Hundhausen, 1972).

work has also been done on definine morphological classes of transients
and finding their properties as a function of class. Munroc and Simc .
{1979) identaified threc basic types of CML found in the Skylab data set.
loops. amorphous ciouds and “other”. Occasionally a transient appears as a
halo around the entire solar dish. This is duc to a geometric effect and is
caused by the transient being emitted in the direction of the observer (c §
Jackson, 1985). Somc 26% of the Skylab sample were loops. Howard ct al
_(1985) refined the classification system to 10 categories and 3 "importance

classes. They found only 1% of their samvle were complete loops. It s not

known whether or not the defined morphological categories correspond to

»
physically important distinctions. The "importance”™ classes were basca on
event intensity. The events with high importance in general had high
velocity and were about 10 times as massive as the low importance even's »
2
On average half the events were minor The occrurance frequencies from the
22
L)

J-.-------ll-llIIllllllIllIIlllllIIIlllllIlIlllllllIIIIIIIIIIIIIIIIIIIIIIIIIJ




HAO-SMM instrument and the NRL instrument are not the same and more work
needs to be done to understand these differences (Hundhausen. personal

communication, 1985}).

The occurrence rate of all coronal transients together shows little if

any clear solar cycle dependence (Hundhausen et al.., 1984). The number of
high velocity events has a more complex solar cycle bechavior. Howard et
al., (1985) studied the statistical properties of events with speeds of at

least 800 km's and there was a striking change in occurrence rate from about
0.05 per day in 1979 to about 0.17 in late 1982. Sunspot maximum occurred
in jate 1979 - eariy 1980 but the sunspot numbcr changed little betwecen 1979
and 1982 and what changes there were showed no correlation with the
occurrence fregquency of high speced transients. On the other hand.
Hundhausen {(persconal communication) finds a marked decrease in the number of

high speed events as solar minimum is approached.

Since high and low speed CME show a different solar cycle va;iation it
is interesting to see if these two catagories differ in other respects.

MacQuecn and Fisher (1983) described mass ejections as falling into one of

two patterns:
1- Events that appear at high speced in the corona between 1.2 and 2.2
Rg. These events have been accelerated below 1.2 Rg and show only
small further acceleratior above 1.2 Rg. They arc associated with

solar flares.

2 Events which appear at low spced at 1.2 R, but are obscrved to
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h accelerate over a wide range of heights as they pass through the

corona. These events are associated with rising prominences.

Munroe and Sime, (1979) found that 70% of the Skylab CME's were

associated with eruptive prominences but only 40% were associated with

flares, the latter being higher speed events.

The observation that coronal transients are commonly still being
accelerated at coronal heights greater than 1.2 Ry has important
consequences for both theory and modeling. The physical procecsses
responsible for the acceleration are a subject of active study. One

sugpestion is that the force that acts on the transient within the corona is

a hydromagnetic buovancy effect (Yeh. 1985). Pneuman (1983) also treats the

effect of magnetic fields on acceleration of coronal material into the soiar
wind, as described in section 1 on theory. Accurate modeling of transients
within the corona must wait for determination of the behavior of the

acceleration and identification of the mechanism.

A specific morphological class of CME's was studied by Illing anc

Hundhauscn (1986). They collected a sawple of 80 wcll observed events each

of which consists of 3 parts (sce figure 4). First there is a bright loop
which they interpret as material swept up from the corona. Below is a
bright center that is probably prominence material. Between the two there

is a relatively dark region that probably contains the material that is

normally seen as a dark region lying over a promincnce. Fipure 4 snows a
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schematic of the positions of various structures within one of these events
as a function of time. The coronal acceleration of the prominence and the
differing velocities of the parts is seen. About 65% to 80% of SMM
transients had a bright outer rim and 1/3 to 1/5 of SMM transients had a
dark region. There is also some evidence for extremely slow events with

veiocities as low as 20 km/sec.

An important observation concerning the association bctween transients
and the associated flares is that transients have been seen to begin to risc
before the flare started. This observation has implications for an
interesting problem. There are believed to be two distinct ways in which
material is accelerated into the soiar wind, the quasi-static expansion
processes discussed in Section 1 and acceleraton during magnetic
reconnection events associated with flare onscts. A study of 100 years of

geomagnetic activity (Feynman. 1982) has been interpreted as suggesting that

only one acceleration method is involved. except perhaps occasionally. The
observation of the pre-flare transient acceleration shows that the energy
release mechanism that produces the H alpha flare is not reqguired for the
onset of the associated CMEs. A further observation, that the feet of the
transient loops (figure 4) remain open for many hours or days following the
event, suggests that thesc structures remain the source of solar wind for
extensive periods. This also is in agreement with the ideca that transient
associated and hole associated wind are accelerated by the same mechanism.

Furthermore, Jackson and Leinert (1985) have studied the interplanctary data

from the Helios zodiacal light experiment for two mass ciections, May 7 and

May 24, 1979, and found that the Mav 7 ejection had a radial extent of 0.3




AU and took 1.5 days to cross the inner Helios photometer field. They
conclude this material was continously being emitted from the inner corona.

in agreement with the early findings of Hirshberg et al., (1970). and

Hundhausen, (1972) from characteristics of the post-shock flow in

interplanetary events. Even more impressive is the finding that for thc¢ May
24 event the sun continued to expel mass through the Helios field of view
for "many days"” so the total injection during the period of persistent
features ("legs") was greater than that from the rapidly moving features

that appear early in the cvent.

Studies have also been made of the relationship betwcen coronal
transients and a variety of phenomena related to prediction of solar-

terrestrial disturbances. Sheeley et al., (1985) investigated associations

between transients and interplanetary shocks observed at Helios. He found
that 72% of the shocks could be associated with transients and 61% of the
transient-shock events also had associated X-ray events. The mean duration
of the X-ray events was 5 hours. Ten 1982 events had Sun-Helios mean speeds
of 1.190 km‘/sec. Nearly all the well identified transient-shock events
involved near-equatorial transients with angular widths greater than 40",

Kahler et al., (1984a.,b) have studied the relation of transients and Type 1!

bursts. It had been bclieved that type 11 bursts were produced in front of
mass ejections {at shocks). but difficulties became apparent. They found
that about 1/3 of all typec II bursts werc not associated with transiyents
and that there are fast transients without type II. There is no gencraily
agrced upon model to explain this bechavior. Wagner and MacQuecen. (14&7,

suggests a model in which the shock that produces the type Il bursts is no*
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caused by the transient but by the flare. This suggestion was tested

empirically by Robinson {1985) but the results were inconclusive.

Steinolfson {(1984a) did a simulation of a transient with type II and

obtained agreement with observation but he found that the large velocities
of the type Il emission region do not directly correspond to either material
or shock motion. These studics are jimportant to solar terrestrial
prediction techniques because the high source velocities are often
attributed to shocks near the sun and then imply an excessive loss of shock

speed between the corona and the point of shock observation in space.

The relationship of transients to structures observed in the solar wind
ncar earth has also received attention. Two structures have been proposed

as candidates, non-compressive density enhancements (Gosling et al.., 1977)

and magnetic clouds (Burlaga et al., 1982). (These two types of event may

be closely related or even different aspects of the same event.) Testing of

these hypotheses is underway (Wilson and Hildner, 1984) but much further

study is nceded before a convincing case can be made for either structure or
for any new candidate that may be proposed. In addition. the contribution
that the "every day” CML (in contrast to the rare very high speed CML) makcs

to geomagnetically effective solar wind must be investigated.

4. Slow Solar Wind

Less work has been done on the sources of the slow solar wind, at least
partly because at Earth parcels of very slow wind (if any) will have been

overrun by parcels of higher velority wind during Sun-Earth propapgation.

27

|




Developing a description of the behavior of the slow wind is a necessary
first step in comparing observation with theory and finding sources

Feldman et al., {1977) investigated the basic parameters of wind with

velocity less than 350 km/sec at Earth and found an average proton density

of 12 cm~3, temperature of 3 x 104 K. and helium abundance of 3.8%.

Marsch and Richter (1984b) report on the parameters of wind at the

Alfven critical point. They use Helios data in the distance range from 0.3
AU to 1 AU to infer the solar wind parameters closer to the sun. For
example for wind of velocity less than 400 km/sec the Alfven critical point
was at 34 solar radii and the density was 4,000 cm~3. Borrini et al .
(1981) examined the helium abundance variations as a function of time from
sector structure boundaries and found a low velocity Jlow helium abundance
region about the sector crossing. On this basis they suggested the slow
wind came from the region of the coronal streamer that marks the sector
boundary (or equivalently the interplanetary neutral sheet) in space.

Steinolfson, (1984b) has modeled the solar wind expansion from a dipole in

such a way that the wind and magnetic field are consistent with one another.

They found that a helmet like structure appeared at the dipole eguator and

the wind velocity was depressed in that region. Freeman and Lopez (1983
have studicd the low temperature solar wind from Helios plasma data. The
low temperature wind is. at the same time. the low speed wind. Thev

normalize the data to 1 AU and compare with predictions of the two fluid
solar wind theory. They extrapolate their data to imply the temperature
that would be observed for a minimum solar wind velocity which they take to

be 250 km/sec. They get a temperature of 4.4 x 103 K and suggest that this
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is in reasonable agreement with the 2 fluid model without further heat

addition. This is an interesting approach and should be pursued further.

5. Source Surface for interplanetary propagation

In sections 2, 3, and 4 the discussion of corona-solar wind
relationships was organized according to problems centering on acceleration
mechanisms within the corona. that is, fast wind from holes. wind from
transient sources and slow wind. In this section the problem of prediction
will be discussed from another point of view, that of the source surface
required for interplanctary modeling programs (see appendix). Thesc
programs typically require initial conditions specified at some surface near
the sun. This source surface is chosen so that no further solar wind
acceleration takes place beyond it and the magnetic field is radial at the
surface. (Note that this usc of the term "source surface” differs from the
usual use which refers only to a surface on which the magnetic field is
radial.) If the parameters of the solar wind are known on this surface (and
the position of the surface is also known) then, in principal. the
prediction of the solar wind parameters at earth is a problem of
interplanetary propagation only. The interplanetary propagation problem is
bricefly reviewed in appendix one. The major lack in the interplanetary
model is the inability to model (even in the statistical sense) the magnetic
ficld turbulence, i.e., the production of waves resulting in a southward
maenetic field component. These problems are not the subject of this review
however, since they occur in the interplanctary region. In this scction we

evaluate our ability to determine the initial conditions for the source
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surface.

The large scale structure of the interplanetary field is dominateu by a
wavy sheet of current somewhere in the vicinity of the sun's eguatorial
plane. Above this "current sheet” the magnetic field is outward (inward)
and its sign reverses below the sheet. The amplitude of the waves is solar
cycle dependent. Each pole of the sun maintains its polarity from onc solar
cycle maximum to the next and changes its polarity each maximum. As the sun

rotates the current sheet crosses the Earth producing the sector structure.

It is very important to determine the position of the current sheet on
the source surface because this sheet turns out to be an important organizer
for many solar wind properties. The sheet position at a few solar radii is
now being calculated by Hocksema (Fig. 6) for each solar rotation using data
from the solar observatory at Stanford and potential theory for implying the
source surface field from the coronal fields. The positions of current

sheets .determined by Hoeksema et al., (1983) agree well with those derived

from coronagraph observation. Both methods assume that the current sheet is
fairly stable on time scales of one solar rotation. They permit predictions
of sector boundary crossings to be estimated correctly in a rather gross
sense. That is sectors of a few days duration are sometimes missed and
sector boundary crossings may be a day or two off. In addition, of course.
magnetic fields due to transient events and waves are not predicted. Fig 6
shows the rotation by rotation evolution of the current shecet during the
1979-1880 solar maximum. Note that it is clear that the polarity of the
ficlds at the poles of the sun reversed but is not clear when that chanve

took place.




The contours of constant radial magnetic field on the entire
source surface have been calculated from a potential field theory by Suess

et al. (1984). Their results are shown in figure 7 where they are also

compared to coronal holes deduced from He 10830. In some cases. notably
near 2100 Carrington longitude and 0° Carrington Jlatitude on all three
rotations, the agreement is good whereas at other positions. for example the
high (southern) latitude hole at 315° Carrington longitude on all rotations,
there is a disagreement. Suess et al. give their results for a surface at
2.6 solar radii whereas the initial conditions for some interplanctary
propagation models such as that of Pizzo must be specified at 0.3 AU or
about 64 solar radii (1 AU = 214 Rg). There will be some changes in the
field configuration between 2.6 Rg and 60 Rg if the solar wind expansion

between thesc heights is substantially greater than radial.

The intense southward magnetic field associated with major transient
events is a primary factor in causing the largest magnetic storms. These
ficlds are commonly 50 nT or more in intensity. They can come from either
of two sources. the distortion of the field in the ambient solar wind by the
high speed transient, or an intense southward field contained within the
transient plasma itself. It is not known which of these mechanisms is most
important. If the field is contained within the driver its value must be
specified at the source surface in order that it be included properly as
part of the interplanetary modeling. The specification at the source
surface would require some way to predict it from observing paramcters of
the transient event. Tang et al., (1985) have investigated the relationship

of the direction of the field at Earth during flare associated events to the
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field at the surface of the sun before the flare took place. They were

unable to find a statistically significant relationship.

As described in section 2, average plasma properties near the sun were
inferred from Helios observations as a function of velocity (Marsch and

Richter. 1984). Suess et al. (1984) use data from 1 AU to estimate the

solar wind speced and magnetic field intensity on a surface near the sun.
They use a constant velocity approximation in tracing parcels of plasma back

to the solar vicinity.

Analysis of solar wind properties at 1 AU as a function of time
relative to sector boundary structure show that the solar wind velocity.

density. temperature and composition (Borrini et al., 1981) are organized

relative to the current sheet. The velocity observations were put on a more

modern basis by Newkirk and Fisk (1985) who studicd the 18 years of velocaity

observations as a function of distance from the current sheet. They found
(figure 8) a large scatter in the data but therc was a minimum in speed of
400 km/sec near the current sheet with a rise to an average of about 600

km/scc between 209 and 409 from the sheet and a platcau at 600 km/sec at

still higher sheet latitudes. This configuration was solar cycle phase
dependent for moderate and low activity. At solar maximum there is no
obvious systematic ordering. In order to infer the velocity pattern at the

source surface it would be neccessary to "undo” the effects of stream
interactions between the source surface and 1 AU. It mayv be that this wuuld

result in an cven more orderly pattern closer to the sun.
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Henning et al. (1985) investigated the effect of the position of the

heliospheric current sheet on the geoeffectiveness of flares and found that
flares occurring on the same side of the current sheet as the Earth are more
geo-effective than flares occurring on the opposite side of the current
sheet. They suggested the effect was due to the fact that if an event has
to travel through the current sheet in the interplanetary medium it might be
weakened because of the high density there. They also investigated the
distance of each flare from the current sheet and found flares tended to
occur closer to the current sheet than would be expected even after
eliminating the effect of the sunspot cycle dependence of the latitude of

solar flares.

To predict statistical behavior of the southward interplanetary field

the Alfven wave flux from the sun would aliso need to be known as a function

of latitude.

Several models of the behavior of the solar wind or transients in the
corona have been developed. The results of a model in which the magnetic
field configuration and plasma properties are confined to be consistent with
one another is shown in figure 9 from Steinolfson et al. (1982). The
initial magnetic field was dipolar. The velocity and magnetic field are
functions of the angle. The velocity is lowest and the field is highest in
the equatorial planc. Steinolfson et al. (1982) has also modeled loop

transients within the corona, assuming the event is a sudden deposition of

mass and energy into the corona. Steinolfson and_ Dryer (1984) brins a

33

o\




transient disturbance through the critical point for the one dimensional
magnetohydrodynamic case. They found that a shock is produced inside the
critical point. The case of a transient being accelerated within the corona
has not yet been modeled, partly because the acceleration mechanism is still

under study.

Conclusions

This review has been a survey of the current statc of knowledc of soilar
corona’/solar wind coupling. We have identified several important problem
arecas in which work is needed to improve our ability to predict the emission
from the soiar corona of geocffective solar wind, that is high velocity
solar wind and or solar wind which will result in the appearance of a
southward magnetic field at Earth. An improved ability to predict thesc
events will increasc the capability of the Air Force to predict and forecast
disturbed geomagnetic activity. These problem areas are listed specifirally
in the accompanying report entitled Corona-Solar Wind Coupling: Frogram
Plans. which also outlines a 3 and 10 year research program desiyned to

develop an enhanced prediction capability.
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Figure 2

Figure 3
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Figure 1

4

FIGURE CAPTIONS

Sketches showing the contrasts between solar wind structures due
to steady flow (as from coronal holes) and structures due to
transient flows. The lines indicate the magnetic field
directions. The black arows indicate the particle velocity
direction. The shaded regions show compmressed solar wind and the

material within the transient. Adapted from Hundhausen. 1972.

Solar wind velocity in a model in which the solar wind is
accelerated by diamagnetic plasmoids in addition to the usual gas
pressure. R is the ratio of the mass flux carried by diamagnetic

elements to the total mass flux. From Pnecuman., 1983.

A comparison between interplanetary field intensities (top
pancl)and the magnectic field strength in coronal holes (bottom
panel}. The top panel (from Slavin and Smith, 1983) shows the
inverse log of the annual averages or the field at 1 AU. Note
that the field strengths in the bottom panel (from Webb and Davis.
1985) exhibits an increase in 1978-79, as does the interplanetary
field. It is not known if these two effercts are physically

related.

Schematic representation of the coronal transient at scveral times
during the event of Aug 5. 1980 as secn by the High Altitude
Observatory's coronayraph on board Solar Maximum Mission. From
Illing and Hundhausen, 1985.
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Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

The relation between the Comprehensive Flare Index (CF!) and large
geomagnetic storms. See text for a definition of CFI1. From

Hedeman and Dodson-Prince. 1980.

The heliospheric current sheet as derived from solar
observatories. Solar Maximum occured during this period. Each
panel shows the current sheet as the boundary between inward and
outward field repions. The latitude range in each panel is - 830,
The period shown covers sunspot maximum. Note that the polar
magnetic field changes direction. however the exart time of the

reversal cannot be pinpointed. From Hocksema et al.. 1983

Contours of constant radial magnetic field strnegth on a surface
at 2.6 solar radii. Dashed lines indicate field pointing toward
the sun. The contours are at 0.25, 3, 6 and 9 micro T. Also
shown in hatched closed contours are the locations of couronal

holes from He 10830. From Suecss et al., 1984.

Plot of 732 daily averages of solar wind velocity durine 1973-197%
versus angular distance from the current sheet. Disturbed days
have been omitted. Mean values (solid circles) and their standaru
deviations are plotted for ecach 10 interval in angle I'rom

Newkirk and Fisk. 1985

A model of a transient in the corona. In this model the ma, e
field and plasma properties are confined to be consisted w.'y on-
another. The lines indicate the direction of the marnctic {1
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The arrows point in the direction of the velocity and their lenpth
is proportional to the speed. The dashed curve shows the position
at which the velocity becomes supersonic and the dashed line is
the super Alfvenic positon. The arc between the vertical and
horizontal axes at 5 solar radii gives the limit of the model.

From Steinolfson et al. 1982.
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Fig. 5

Number and Percent of "Major" Flares
with Different Values of the Comprehensive Flare Index (CFI),
Associated with Geomagnetic Storms with Maximum 3-Hourly Kp 25§, 1965-1968.

N.mber of “Mojor” Flores (1965-1968)
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Fig. 7

CONTOURS OF CONSTANT RADIAL MAGNE TIC FIELD STRENGTH
ON THE SOURCE SUKFACE OF A POTENTIAL FIELD MODEL
THE SOURCE SURFACE RAD'US = 26 SOLAR RADI

Corr . T T T \ S 1 T T T ]
.

..684

Corrngton | ong iude

44




t s et} o ggt 2 ) y Aty st 1)

g 2 L ga 6.2 1 s 211

20 30 40X

10

45




STEADY GLOBAL CORONA

t=4 hrs

t=12 hrs

46

A .




) | | | { | | }
) cyuamdoiensp | Jueeaid | | “Ane oy jo | ! I _
" Jopun ({13 poyIaN n oy pLet | puno19 | auwid uy ereq | [suos0y | yved "ows | €0ES AIX 23 |
| | | | | |
| | [ | } | | [
| "seroy jo suirano | | | | | | |
| Aaawye moys 3, useop | juesesd | ] ] i | |
| os{e ‘3(narsia | o3 ezet | punosy | xeip isuyedvy | ajeydsowoay)y | wead 1IN | oceot oW |
| I ! ! _ I _ f o
| ) ) ] | | i !
| "(9L61) pJwsenosg Aq | ocet | | ] | { {
| 29y318303 Ind sedanos | Ajiwe pue | ] | eiaydeowosqd | | sauf[ OH pue |
| Auve woij mywq " s,0081 | eoeds | weip ysujely |  puv WUOI0D JOMOT | L-0S0 ‘9-080 | o4 '3n snojsep |
! | | | i 1 }
| | | | { | | J
} | - eLat | | | ] ) t
| ‘uot1v3I0l 2wjos | 2 NaoN | | ! } ! |
| Rep Lz 01 9tqeiedwod | @L-89681 | ! ‘Ans jo oueid | | | |
| eo(uds 2uy) uo | L9-9961 | | ui eyep mosy | ) | I
| o1qeis aq i1snw sajoy | T aey | punoJo ! paaylap sajoy | Sy ¢1 . | peseq puncid ovyH | sJereswucso) |
| | | ! ! | | |
| { | l ! ! 1 |
| | -eyeasoyuy | | | | | |
| osdey(8 | vqivos g1 | } | | | i
| Kytyend q31y & | xoidde 1w | 20wds§ } " . | . " | saydy1d saexooy | i
| ! | | | | | |
| ! ) | | | i |
| RLLI ] | | | | Anx pue
} w3ep Ayjrenb yadry | syjuom 9 | | ! | I Awz x 1jos |
| snenujjuod Aquo eyl | J0) gre1 | adwrdg | usyp Isuyudy 1 BUOJIOD JamO0T { QuTANS | |
) | | | | ] ! }
| uIEwmo) | [ E3Y ] ] ajuwdg 30 punoln § anTIdedelad | e3uwy IduLIel( { juamniIsul | spoy1an |
) | | | | | i l

82Ol [9UOIO0] JO SUOTIRAIISQO

1 aavy




Y
| | ! { ! T T |
| | ] ] | |

2a3u)s [viuIwyradxy | i | A¥S 1sujedy | | | AlX a3 |
| | | | | ! i
| 1 | ] i B T
| ) | | | | NIOMIBN |
Poy1oN maN | 1 punouln | arqeyanp | ajeds up | laonds daaq v¥SyN |
| ] | | l ! !
| | | ! } ' T
| | | 1ydye jo | { | |
| ] |aury Jo yowvoudde | | i |
POYIIW maN | | aoeds | 1eto® 31seqvaN | nweso | SOIT9H | 1y31y (wdeypoz !
| ! ! | ! I !
| | | i ] | i
| cear | | | | i }
sisA{eun Bujinp | | f } sy ot ! | |
paoua1azip eivg | - 8L81 | aoudg [ “ . | 01 ¢ Jo 2 | THN puymtos | i
| | | | | | i
| | | i | ! |
| - 6L61 | | ) | | |
| 2 daen | | ! | | |
|  8L-6961 | | { i { !
t te-ce6r | | A¥s jsujelde | Syzorzn | AJojmAJlasqQD |
} T Naew | punoan | uof3ydafoad | 2 oW | w07 sunew | I
| | | | | i |
| | I~ i ! / !
i l ! ! |{a3y0wjJui0d O8fR) | i
‘sysAyoun 3upanp | } | Axs 1sufuede | | OvH 'uoiSSIN |
padualajjip 10u e\yeq |juasaad oy | aowdg | uotidafouad | Sygolgtl | wnuixeN Jejos | {
|veal ‘o086t | | ! ! } ]
! | ! ) 1 | |
} | | | | | Jajawnuodod |
| L6l | | A3s 1sujede | [ ! WYATT 3irym |
| - ¢Ley | aoedg t uotidafoad | | OVH QuIAXS ) |
) | I ! I I |
RUEL { Li]s] | sajeq | avedg Jo punouan | anf1dadsaad | a3uny ajueisyQg | juaeniysug | spoyIaN )
| | [ ! } ! |

81U3aTSURIL JO SUOTIRVAIASQQD

[4 Jravi

o

48




R

CORONA - SOLAR WIND COUPLING
REFERENCE LIST *

®Altrock, R. C. The relationship of emission-line transients in the low
soiar corona to Ha activity, EOS, 66. 1023, 1985.

Anzer, U. and G. W. Pneuman, Magnetic reconnection and coronal transients,
Solar Phys 79. 129, 1982.

Anzer, U. and A. 1. Poland, Mass fiow in loop-type coronal transients, Sol.
Phys., 61, 95, 1979.

$Barncs, A. Hydromagnetic waves and turbulence in the soiar wind. in Solar
System Plasma Physics, C. F. Kennel, L. J. Lanzerotti., and E. N. Parker.
eds., North-Holland, 1978.

®Borrini, G.. J. T. Gosling, S. J. Bame, W. C. Feldman, and J. M. Wilcox,
Solar wind helium and hydrogen structure near the heliospheric current
shect: A signal of coronal streamers at 1AU, J. Geophys. Res., 86 4565,
1981.

®Broussard, R. M., N. R. Sheeley. Jr., R. Tousey, and J. H. Undcrwood. A
survey of coronal holes and their solar wind associations throughout sunspot
cycle 20, Solar Physics, 56, 161, 1978.

$RBurlaga, L. F., L. Kiein. N. R. Shecley, Jr. D. J. Michels. R. A. Howard.
M. S. Kooman. R. Schwenn., and H. Rosenbauer, A magnetic cloud and coronai
mass cjection. Gecophys. Res. Lett. 9, 1317, 1982.

Burlaga, L. F.. Magnetic fields, plasmas and coronal holes in the inner
solar system, Space Sci. Rev 23, 201, 1979.

Cane., H. V., R. G. Stone, and R. Woo, Velocity of the shock gencrated by a
large east limb flare on August 18, 1979, Geophys. Res. Lett. 9, 897. 1982.

Cane. H. V.. The evolution of interplanetary shocks, J. Geophys. Res., 90,
191, 1985.

®havis, John M. Smail-Scale flux emergence and the evolution of equatorial
coronal holes, Solar Phys. 95, 73, 1985.

Dodson-Prince. H. W., E. R. Hedeman and 0. C. Mohler, Study of geomagnetic
storms and solar flares in the years of increasing solar activity, Cycles 19
and 20 (1955-1957, 1965-1968), AFGL-TR-78-0267, 1978. ADAOB5261

Dodsor, H. W. and E. R. Hedeman. Experimental comprehensive solar flare
induces foi "major” and certain lesser flares, 1975 - 1979, Rep. UAG-80.
wWorld Data Center A. NOAA. Boulder. Colo.. 1981.

“The papcers cited in this reference list are thosc consulted in the course
of the review The starred references are mentioned explicitly in the text.

49




.

W

CORONA - SOLAR WIND COUPLING
REFERENCE LIST

®hodson. H,. W. and E. R. Hedeman. An experimental comprehensive flarce index
and its derivation for "major"” flares, 1955 - 1969, Rep. UAG-14 Worid Datas
Center A, NOAA, Boulder. Colo. 1971.

Dryer, M. and D. F. Smart, Dynamical models of coronal transients and
interplanetary disturbances, Adv. Space Res. vo] 4. no. 7. 291, 1984. Dryer,
M. Coronal transient phenomena, Space Sci. Rev. 33, 233 1982.

®Feldman, W. C., J. R. Asbridge. S. J. Bame. and J. T. Gosling., Plasma and
magnetic fields from the sun, The Sclar Output and its Variations Oran R.
white, Ed. Colorado U. Press, Boulder Co. p. 351, 1977.

$Feynman, J. Geomaganetic and solar wind cycles, 1900-1975, J. Geophvs.
Res., 87. 6153. 1982.

Fisher, R. R. and A. 1. Poland. Coronal activity below 2 Rs: 1980 February
15-17., Astrophys J. 246. 1004, 1981.

Fisher, R. R., C. J. Garcia and P. Seagravcs. On the coronal transicnt
eruptive prominence of 1980 August 5, Astrophys. J., 246. L161, 1981.

®frecman. J. W. and R. E. Lopez. The cold solar wind. J. Geophys Res. 90,
9885, 1985.

Geiss, J. Processes affecting abundances in the scolar wind. Space Sci. Rev,
33. 201, 1982.

%Gosling, J. T., E. Hildner, J. R. Asbridege, S. J., Bamc, and W. C. Feldman.
Noncompressive density enhancements in the solar wind, J._Geophys.
Res., 82. 82, 5005, 1977.

8Gosling, J. T.. E. Hildner, R. M. MacQueen, R. H. Munroe. A. 1. Poiand. and
C. L. Ross. The speeds of coronal mass ejection events, Sol., Phvs. 48.
389, 1976.

Habbal, S. R. and K. Tsinganos, Multiple transonic solutions with a ncw
class of shock transitions in steady isothermal solar and stellar winds. J
Geophy. Res. 88, 1965, 1983.

Habbal, S. R. and R. Rousner, Temperal evolution of the sciar wind and the
formation of a standing shock, J. Geophys. Res. 10. 645. 1984.

Habbal, S. R.. The formation of a standing shock in a polvtropic solar wind
model within 1-10 Rs, J. Geophys. Res. 90, 199. 1985.

®Harvey, K. L., N. R. Shceley, Jr.. and J. W. Harvey. Solar Phys. 79. 149,
1982.




r.Illllll.IllllIllIllllllIllllIlllIIlIllIIlllIIlI.lll'IIIIIIIIIIIII----t‘A*

CORONA - SOLAR WIND COUPLING
REFERENCE LIST

Harvey, J. W. and N. R. Sheeley, Jr., Coronal holes and solar magnetic
fields, Space Sci. Rev., 23, 139, 1979.

®Hedeman, E. R. and H. W. Dodson - Prince, Study of geomagnetic storms,
solar flares, and centers of activity in 1976. the year between solar
activity cycles 20 and 21, Air Force Geophysics Laboratory Technical Report,
AFGL-TR-80-0267. 1980. ADA098934

®Hedeman, E. R. and H. Dodson - Prince, Study of geomagnetic storms, solar
flares. and centers of activity in 1977, the year of onset of solar cycle
21, Air Force Geophysics Laboratory Technical Report., AFGI.-TR-81-0024, 1981.
ADA102301

®Henning, H. M., P. H. Scherrer, and J. T. Hoeksema. The influence of the
heliosphere current sheet and angular separation on flare accelerated soilar
wind. J. Gecophys Res. 90, 11055, 1985.

*Hirshberg, J.. A. Alksne, D. S§. Colburn., S. J. Bame and A. J. Hundhauscen,
Observation of ail solar fliare induced interplanetary shock and helium
enriched driver gas. and J. Geophys. Res., 75, 1., 1970.

®Hoeksema, J. T.. J. M. Wilcox. and P. H. Scherrer, The structurec of the
heliopheric current sheet: 1978-1982, J. Geophys. Res. 88, 9910, 1983.

®Hollwepg, J. V.., Transition region, corona. and soiar wind in coronal holes
to be publiished, J. Geophys. Res., 1986.

$Hollweg. J. V., Collisionless electron heat conduction in the solar wind,
J. Geophys. Res.. 81, 1649, 1976.

$Howard, R. A.. N. R. Sheeley, Jr., M. J. Kooman, and D. J. Michels. Coronal
mass ejections: 1979 - 1981, J. Geophys Res., 90, 8173. 1983

$gundhausen. A. J., Coronal Expansion and Solar Wind. Springer-Verlag., 1972.

$Hundhausen, A. J., C. B. Sawyer. L. L. House, R. M. E. 1llling., and W. J.
Wagner, Coronal mass injections observed during the Solar Maximum Mission:
Latitude distribution and rate of occurrence, J. Geophys. Res. 89, 2639.
1984.

Holzer, T. E. and E. Leer, Conductive solar wind models in rapidly diverging
flow geometries, J. Geophys. Res. 85, 4665, 1982.

®[]lling, R. M. E., and A. J. Hundhausen. Disruptijon of a coronal strcamer by
an eruptive prominence, to be published, J. Geophys. Res., 1986.

51




CORONA - SOLAR WIND COUPLING
REFERENCE LIST

$]1ling, R. M. E., and A. J. Hundhausen, Observation of a coronal transient
from 1.2 to Soiar Radii, J. Geophvs. Res. 90, 275. 1985.

#%jackson. B. V., and C. Leinert, Helios images of solar mass ejections, J.
Geophys. Res. 90, 10, 759. 1985.

Jackson, B. V., Helios observations of the earthward-directed mass ejection
of 27 November 1979, Solar Physics, 95, 363, 1985.

Jackson, B. V., and E. Hildner, Forerunners: Outer rims of solar coronal
transients, Sol Phys, 60. 155, 1978.

Jackson, B. V., R. A. Howard. N. R. Sheeley, Jr., D. J. Michecis. M. J.
Koomen, and R. M. E. Illing, Helios spacecraft and earth perspective
observations of threc loop solar mass ejection transients, J. Geophys.
90, 5075, 1985.

. Res .,

®Jjoselyn, J. A., and P. S. Mcintosh, Disappearing solar filaments: & useful
predictor of geomagnetic activity, J. Geophys. Res. 86, 4317, 1981.

Kahler, S. W., The role of the big flare syndrome in correlations of sojar
energetic proton fluxes and associated microwave burst parameters. J.
Geophvs. Res. 87, 3439, 1982.

$Kahler, S. W., J. M. Daves. and J. W. Harvey, Comparison of coronai holes
observed in soft X-ray and He 10830 A0 spectroheliograms. Solar Phys, 87.
47, 1983.

8Kahler, S. W.., N. R. Shecley. Jr.. R. A. Howard, M. J. Koomen, D. J.
Michels., R. E. McGuire, T. T. von Rosenvenge, and D. V. Reanes, Associations

between coronal mass ejections and solar encrgetic protons. J. Geophys.
Res. ., 89. 9683-9693, 1984a.

®Kahler. S. W., N. R. Sheeley, Jr., R. A. Howard. M. J. Koomen and D. J.
Michels, Characteristics of flares producing metric type II bursts and
coronal mass ejections. Solar Phys. 1984b.

Kahler, S. W., E. W. Cliver, N. R. Sheeley. Jr.. R. A. Howard. M. J. Koomen
and D. J. Michels, Characteristics of coronal mdss ejections associated
with solar frontside and backside metric type 11 bursts.. J. Geophys. kes.
90. 177. 1985.

wun
N

_

Fhd




CORGNA - SOLAR WIND COUPLING
REFERENCE LIST

Kane. S. R. M. K. Bird, V. Domingo, G. Green, G. Gapper. A. Hewish. R. A.
Howard. B. Iwers, B. V. Jackson, U. Koren, Energetics and interplanctary
effects of the August 14 and 18, 1979 solar flares: Summary of observations
made during SMY/STIP event no.. in STIP Symposium on Solar/Interplanetary
Intervals, edited by M. A. Shea, D. F. Smart and S. M. P. McKenna-Lawior,
pi75, Book Crafters, Chelsea, Michigan, 1984.

®*Kraichnan. R. H.., Inertial - range spectrum of hydromagnetic turbulence.
Phys. Fluids, 8. 1385, 1965.

®Krieger, A. S.. A. F. Timothy, and E. C. Roelof, A coronal holec and its
identification as the source of a high velocity solar wind stream. Solar

Phys., 29, 505, 1973.

®leer. E., T. E. Holzer and T. Fla, Acceleration of the solar wind. Space
Sci Rev, 33, 161, 1982.

lLallement, R.. J. L. Bertaux and V. G. Kurt, Solar wind decrease at high
heliographic latitudes detected from Prognoz Interplanetary Lyman alpha
mapping. J. Geophys Res., 90, 1431, 1985.

$Levine, R. H., Opcn magnetic fields and the solar cycles: 1: Photospheric
sources of open magnetic flux. Solar Physics., 79. 203, 1982.

Lites., B. w., S. L. Keil, G. B. Scharmer and A. A. Wyiler, Stcady flows in
active regions observed with the Hel 10830A line. Solar Physics. 87. 35,
1985.

L.ow, B. C., R. H. Munroe, and R. R. Fisher, The initiation of a coronal
transient, Astrophys. J.. 254, 333, 1982.

®MacQueen, R. M. and R. R. Fisher, The kinematics of solar corona
transients. Bull. Am. Astrol. Soc., 15, 706, 1983,

MacQueen, R. M., Coronal mass ejections: Acceleration and surfacc
associations, Solar Physics, 95. 357, 1985.

MacQOueen, R. M. and R. R. Tisher. The kinematics of solar inner coronal
transients, Solar Phys. 89, 89, 1983.

MacQueen, R. M., Coronal transients: A summary, Philos. Trans. KR _ Soc.
London, Sec A. 297, 605, 1980.

svarsch, L. and A. K. Richter. Helios observational constraints on solar
wind expansion, J. Geophys. Res.. 89, 6599, 1984a.

53




CORONA - SOLAR WIND COUPLING
REFERENCE LIST

Marsch., E. and A. K. Richter, Distribution of solar wind angular mome::um
between particles and magnetic field: Inferences about the Alfven critical
point from Helios observations, J. Geophys. Res., 89, 5386, 1984b.

Moore, Ronald L., Magnetic structures in the solar atmosphere, Te appecar in
Proceedings of the High Energy Solar Physics (HESP)Symposium (Held Institute

for Space and Astronautical Science/I1SAS. Tokyo. Japan,) Feb 5-8, 1985.

Michels, D. J., N. R. Sheeley., Jr., R. A. Howard, M. S. Koomen, R. Schwenn,
K. H. Mulhauser, H. Rosenbauer, Synoptic observations of coronal transients
and their interplanetary consequences. Advances in Space Research 4., 311,
1984.

*Munroe, R. H. and D. G. Sime, White-light coronal transients observed from
Skylab, May 1973 to Feb 1974: A Classification by apparent morphology.
Solar Phys. 97, 191, 31979.

Neugebauer, Marcia, Observational Constraints on solar-wind acceleration

mechanisms, in Solar Wind Five, Marcia Neugebauer., ed., NASA Conference
Publication 2280, 135, 1983.

Neugebauer, M., Measurements of the properties of solar wind plasma relecvant
to studies of its coronal source. Spare Sci Res., 33, 127, 1982.

$Ncupert, W. M. and V. Pizzo. Solar coronal holes as sources of recurrent
geomagnetic disturbances, J. Geophvs. Res., 79, 3701, 1974.

®Newkirk, Gordon, Jr., and Lenard A. Fisk. Variation of cosmic rays and
solar wind properties with respect to the heliospheric current sheet: Five
GeV protons and solar wind speed, J. Geophys Res.. 90, 3391, 1985.

#Newton, H. W. "Sudden Comencements” in the Greenwich Magnetic Recoras
(1879-1944) and related sunspot data. Monthly notices of the Roval
Astronomical Society 5, 159-185, 1948.

Parker, E. N.. Direct coronal hecating from dissipation of magnetic field. in
Solar Wind Five, by M. Neugebauer ed. 466. 1984

®Pncuman. G. W., Ejection of magnetic fields from the Sun: Acceleration of &
solar wind containing diamagnetic plasmoids, Ap. J. 265, 468, 1983.

54

d

|-




i i A e e

|

b

t

|

CORONA -~ SOLAR WIND COUPLING
REFERENCE LIST

Poland, A. I.. R. A. Howard, M. J. Koomer. D. J. Michels and N. R. Sheeley.
Jr. Coronal transient near sunspot maximum. Solar Phys., 69. 169, 1981.

®Richter., 1, C. Leeneit, and B. Plane. Search for short term variations of
zodiacal light and optical detection of interplanctary plasma clouds.
Astron. Astrophys., 110, 115, 1982.

Schwenn, R.. Direct correlations between coronal transients and
interplanetary disturbances, Spuce Sci. Rev., 34, 85, 1983.

from Skylab Solar Workshop II., edited by P. A. Sturreck, p 273. Colorado
Assoriated Universities Press. Boulder, CO 1980.

Schwenn, R., H. Rosenbauer. and K. H. Muhlhauser, Singly-ionized helium in
the driver gas of an interplanctary shock wave, Gcophys. Res. Lett, 7. 201,
1980.

Shea, M. A., D. F. Smart, S. T. Wu and S. Pinter, Editors. Shock waves in
the solar corona and interplanetary space COSPAR. Space Sci. Rev.. 32. no.
1-2., p.271, 1984,

$Sheeley, N. R., Jr., R. A. Howard, D. J. Michel, and M. J. Koomen. Solar
Observations with a new earth-orbiting coronagraph, in Solar and
Interplanetary Dynamics, ed. by M. Dryer, E. Tandberg - Haussen, p55, D.
Reidel, Hingham, MA, 1980.

®Sheeley, N. R., Jr., R. A. Howard, M. J. Koomen, D. J. Michels. K. L.
Harvey, and J. W. Harvey, Observations of coronal structure during sunspot
maximum, Spacc Sci. Rev., 33, 219, 1982.

®Sheeley, N. R., Jr., R. A. Howard, M. J. Koomen, D. J. Michels, R. Schwenn.
K. H. Muhlhauser, and H. Kosenbauer, Coronal mass e¢jections and
interplanctary shocks. J. Geophys. Res., 90, 163. 1985,

Richter, A. K., H. Rosenbauer, F. M. Neubauer and N. G. Ptitsyna. Solar wind

observations associated with a slow-forward shock wave at 0.31 A. U., J.

Geophys. Res.. 90, 7581, 1985.

Robinson, R. D.. Velocities of type II solar radio events, Solar

Physics, 95, 343, 1985.

®Robinson, R. D. and R. T. Stewart, A positional comparison between coronal

mass ejection events and solar type II bursts, Solar Phys., 97, 145. 1985.

Rust, D. M., Solar Activity, U. S. National Report to International Union of

Geodesy and Geophys:; 1979 - 1982, Rev. of Geophys. and Space Phys. 21. 349,

1983.

Rust, D. M., and E. Hildner, Mass ejections in Solar Flares: A monograph
55




CORONA -~ SOLAR WIND COUPLING
REFERENCE LIST

®Sheeley, N. R. Jr., and J. W. Harvey. Coronal holes. solar wind streams,
and geomagnetic disturbances during 1978 and 1979, Solar Phys.. 70. 237,
1981.

Sheeley, N. R., Jr., R. A. Howard, M. J. Koomen, D. J. Michels, Associjations
between coronal mass ejections and soft X-ray events, Astrophys. J.. 272,
349, 1983.

Sheeley, N. R. Jr., R. A. Howard, M. J. Koomen, D. J. Michels, R. Schwenn,
K. H. Mulhauser and H. Rosenbauer. Associations between coronal mass
ejections and interplanetary shocks, Solar Wind Five, NASA conf. Publ.,
2280, 693, 1983.

Sheeley, N. R., Jr., R. T. Stewart. R. D. Robinson, R. A. Howard, M. J.
Koomen, and D. J. Michels, Associations between coronal mass ejections and
metric type 11 bursts, Astrophys J., 279, 839, 1984.

®Sheike, Rajendra, N., and M. C. Pande, Differential rotation of coronal
holes Solar Physics. 95, 193, 1985.

®Sime. D. G., R. R. Fisher and R. C. Altrock. Solar coronal white light,
Fe X. Fe XIV and ca XV observations during 1984, NCAR Technical Nates 251,
1985.

Sime. D. G., Interplanetary scintillation observations of the sclar wind
close to the sun and out of the ecliptic, Solar Wind 5. NASA Conf. Pubi..
2280, 453, 1983.

®Slavin, J. A., and E. J. Smith, Solar cycle variations in the
interplanetary magnetic field, Solar Wind Five. ed. Marcia Ncugebauer, NASA
conference publication 2280, 323, 1983.

®Steinolfson, R. S., S. T. Suess and S. T. Wu, The steady global corona.
Astrophys. J.. 255, 730, 1982.

#Steinolfson, R. S. and M. Dryer, Propagation of solar generated
disturbances through the solar wind critical points: one dimensional
analysis, Astrophysics and Space Science, 104, 111, 1984.

$Steinolfson, R. S. Type II radio emission in coronal transients, Solar

Physics, 94. 193, 1984a.
®Steinolfson, R. S., A roview of theories of shock formation in the solar

atmosphere, in Proceedings of the Chapman Conference on Collisionless Shock
Waves in the Heliosphere, AGU. Washington, D. C.. in press, 1984b.

56

A

A



CORONA -~ SOLAR WIND COUPLING
REFERENCE LIST

Stewart, R. T. Transient disturbances of the outer corona., in Solar and
Interplanetary Dynamics, edited by M. Dryer and E. Tandberg, Hanssen, p 333,
D. Reidel, Hingham, MA, 1980.

Suess, S. T. and E. Hildner, Deformation of the heliospheric current sheet.
J. Geophys. Res., 99, 9461, 1985.

®Suess, S. T., J. M. Wilcox, J. T. Hoeksema, H. Henning. and M. Dryer,
Relationship between a potential field - source surface model of the coronal
magnetic field and properties of the solar wind at 1 AU, J. Geophys. Res..
89, 3957, 1984.

®Svalgaard, L., and J. M. Wilcox, Long term evolution of solar sector
structure, Solar Physics, 41, 461, 1975.

Tandberg - Hanssen, E. Solar Prominences, D. Reidel. Hingham. MA. 1974.

®Tang, F., S. 1. Akasofu, E. Seith, and B. Tsurutani, Magnetic fields on the
sun and the north-south component of transient variations of the
interplanectary magnetic field at 1AU, J. Geophys. Res., 95 2703, 1985.

Timothy, A. F., A. S. Krieger and G. S. Vaiana. The structure and evolution
of coronal holcs, Solar Physics, 42. 135, 1975.

Tritakis. V. P., Heliospheric current sheet displacements during the solar
cycle evolution, J. Geophys. Res., 89, 6588, 1984.

Tu Chuan-yi. Pu, Zu-Yin. Wei, Feng-Si, The power spectrum of interplanetary
Alfvenic fluctuations: derivation of the governing equation and its
solution, J. Geophys. Res., 89, 9695-9702, 1984.

Wagner, W. J., Coronal mass ejections, Annu. Rev. Astrom. Astrophvs.. 22,
267. 1984.
Wagner, W. J., SERF studies of mass motions arising in flares, Adv. Space

Res., 2. 203, 1983.

®Wagner, W. J., and R. M. MacQueen, The excitation of type II radio bursts
in the corona, Astron. Astrophys, 120, 136, 1983.

Waldmeier, M., Cyclic variations of the polar coronal hole, Solar Phys., 70,
251, 1981.

®Webb, D. F. and J. M. Davis. the cyclical variation of encrgy flux and
photospheric magnetic ficld strength from coronal holes. Solar Physics.
102, 177, 1985.

57




CORONA - SOLAR WIND COUPLING
REFERENCE LIST

Whang, Y. C. and T. H. Chen, Expansion of the solar wind in high-specd
streams, Ap. J., 221, 350, 1978.

$Wilson, R. M. and E. Hildner, Are interplanetary magnctic clouds
manifestations of coronal transients at 1AU? Solar Physics. 91, 169, 1984.

Withbroe, G. L., J. L. Kohl, R. H. Munroe and H. Weiser. 1980 Rockct
coronagraph measurements of the solar wind acceleration region, Appearing in
Second Cambridge Workshop on Cool Stars, Stelle Sysiems and the Sun. Vol I,
M. S. Giampapa and L. Golub ed., Smithsonian Astrophysical Observatory
special report 392, 1982.

wWoo, R., J. W. Armstrong. N. R. Sheeciey. Jr., R. A. Howard, M. J. Koomen, D.
J. Michels, and R. Schwenn, Doppler scintillation observations of
interplanctary shocks within 0.3 AU. J. Geophys. Res., 90, 154, 1985.

Woo, R.. J. W. Armstrong, N. R. Sheeley. Jr., R. A. Howard. D. J. Micheis,
and M. J. Koomen, Simultaneous radio scattering and white light observations
of a coronal transient, Nature, 300. 157, 1982.

®Woo, R., and J. W. Armstrong, Mecasurements of a solar flare-generated shouck
wave at 13.1 Ro, Nature, 292, 608, 1981.

Wu., S. T. Numcrical simulation of magnctohydrodynamic shock propagation in
the corona. Space Sci. Rev.. 32. 115, 1982.

*Ych, T. Hydromagnetic buoyancy force in the solar atmosphere. Solar Phys.
95, 83, 1985.

58




APPENDIX A

REPORT ON INTERPLANETARY PROPAGATION OF
SCLAR WIND DISTURBANCES *

J. FEYNMAXN

INTRODUCTION

The purpose of this brief review of interplanetary propagation was to set
the stage for a discussion of problems the solution of which would aic in
developing an ability to predict conditions within the magnetospherc. The way
these predictions are now made is to predict the level of geomagnetic activity
fron space observations and of geomagnetic activity. It will probably be
possible in the future to predict the probability of a particular condition of
interest (for example the particie fluxes at a particular position in the
magnetosphere) directly from solar wind observations., without going through the
ieveli of geomagnetic activity. However, that is not currentiy possible since
little work has been done using that approach.

A list of the major solar wind parameters that are changed during
propagation is given in viewgraph 1. In order to predict geomagnetic activity we
must first identify the solar wind parameters we will need to know. Although a
great many studies have been done on determining the best function of
interp.cneilary paramcters 1o use to describe the coupling between the solar wind
and the magnetosphere there is no general agreement on the results. However,
there is agrecment on which parameters are most important. They are the veclocity
and the southward component of the interplanetary field or alternatively the
magniude and direction of the field. We will call this field the geo-effective
IMFf and readers can make their favorite choice. The densitv of the
interplanetary medium is also usefu. for predicting geomagnectics. This review
will concentrate on those parameters and how they are changed during the
propaeation between the <'n and the earth.

* This material was originally written as an informal report for the Strategic
Defense Initiative (SDI) Workshop on Solar Terrestrial Relations held at the Air
Force Geophysics Lab. Bedford, MA June 24, 25, 1885. Although I have included
suggestions made at the workshop these remarks arc mine and have not been put to
the workshop for a consensus.
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Two types of disturbances that cause geomagnetic storms are distinguished in
the literature; fast streams from coronai holes and disturbances related to
transient emissions of solar wind. They are shown schematicaly in figure ! of
Corona-Solar Wind Coupling: Review. In actuality it is probabie that there 1is
no clear dichotomy between these types of disturances.

in section ! below I review the stream work, and in section 2 the transicnts
and in 3 interactions among transients and streams. The outstanding problems are
gathered in section 4.

SECTION 1: STREAMS

Streams have been studied both empirically and through modeling. Viewgraph
2 shows a schematic of the observations at Earth. There is a high density peak
ocurring before the velocity peak.

Streams have been modeled extensively. The scheme most often used is to
begin the calculation on a surface (called the source surface) which is a few
tenths of a AU from the sun but in the region where the wind has become
supersonic. The problem of determining what the initial values of solar wind
paramecters on the source surface is an active region of research at the present.
The position of the interplanetary neutral sheet at the source surface seems to
be reasonabiy well predicted from coronal observations. Current work is showing
that values of velocity, density, temperature and magnectic field intensity are
apparently ordered by distance from the neutral sheet and this is currently being
worked on by several groups.

Stream fiow modeling in the interpianetary region has been donc at scverat
ievels of approximation. The problem is of course, a three dimensionai (D:
magnctohydrodynamic (MHD) one. Tests have been made to study the effccts of
approximations. Viewgraph 3 compares a 2D calculation with and without magnetic
fields. There is a large magnetic field effect on the particlie density and sumc
effect on the steepening of the velocity structure and on the time of arrivai. of
the disturbance at Earth. Viewgraph 4 compares 1, 2, and 3D MHD calcuiations.
There are major differences between 10 ad 2D but the differences between 2 anc 3i
calculations are relatively smalil. It appeared to be the sensc of the workshop*
that the differences in computer requirements between 2 and 3D calculations was
so large and the differences between the results so small that a 20 operational
predictive model would not be worth the expense.

The models that we have, although sophisticated, are not conmnletely
satisfactory. The most severe test to which they have been put is a study in
which the initial conditions were given by the solar wind observations at 0.3 AU
from HELIOS. The model calculations showed a shock in the wind at Earth., but no
shock was observed. Shocks in the real wind are very unusual with strcams but
appear in the calculations quite readily. The reason for this is unknown
although it has been speculated that it may be caused by the fact that the models
assume that the stream parameters are compietely time independant whereas the
wind is probably changing somewhat.
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The geo-effective magnetic field is not properliy predicted by these models.
A steady solar wind would not carry a field in the meridional direction because
of the symmetries of the problem. Some meridional (1. e. Bz) field might be
induced by the stream interactions if the streams were narrow in latitude.
However observations show that the southward field at Earth has a sharp strong
peak near the density peak of the streams which is not predicted by the fiow
models. It has been speculated that this peak is due to the waves and turbulence

induced by stream-stream interactions but this has not been established. The
waves in this region of the stream have been described as a combination of Alfven
waves and magnetosonic waves. Magnetosonic waves are not as common in other

regions of the streams. Studies have also been made of the Alfven waves which
appear in other regions of the streams. The waves observed at HELIOS (70.3 AU)
were compared to those at earth and the differences in the spectrum could be
explained by current theories of Alfven wave propagation. Recently the concepts
of turbulence have been invoked to described these IMF variations.

SECTION 2: TRANSIENT DISTURBANCES

The second type of solar wind disturbance is the transient disturbance. a
schematic of which is shown in figure 1 of Corona-Solar Wind Coupling: Review.
High speed solar wind is emitted from the sur, often assocjated with a soiar
flare or other transient phenomena. The transients that cause major magnetic
storms are particularly likely to occur at the time of major flares and this is
the type of disturbance described here and shown in the viewgraph. 1In this casc
the high speed wind is supersonic with respect to the ambient pre-disturbance
wind and a shock forms in front of geomagnetic storms, is usually of intermediate
strength when observed near Earth. Behind the shock there is compressed ambient
solar wind. This is foliowed by the discontinuity between the ambient wind ana
the high speed transient wind {(the driver). Very large magnetic fields (often
southward) are typically observed at earth during distrubances of this kind.
These intense magnetic fields are very important in producing geomagnetic
activity because, combined with the high velocities of the wind, they cause the

mosSt intense StOrmsS. However, it is not known to what extent these high
intensity fields are due to the distortion of the fields in the ambient wind and
to what extent they occur in the driver. As in the casc of streams, the geo-

effective IMF observed at Earth is at least partially due to piasma waves and
turbulence and the occurance of these waves and their contribution to the field
at Earth both behind the shock and in the driver are plasma physical effects and
not predicted bv MID models. They require further empirical and theoretical
study.

There are still somec basic empirical questions concerning the propagation of
transients in the scolar wind. One of the most important of these is the question
of the longitudinal extent of the disturbancc. Several studies have shown that
the longitudinal extent is sometimes very wide (approximated by a circle of
radius 0.6 AU and centered on a point at 0.4 AU). The question that remains is
whether or not the disturbance front is aiways very wide and if not, what is the
frequency distribution of shock from widths? This is. of course. very important
for prediction purposes.

High speed transient wind near the sun has been studied by several groups.
The major emissions of solar wind described above are an energetic subclass of a
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much more frequent phenomena, "coronal transients”. Corona. transients ir
. general occur at the rate of one or two a day and their veiocities range from
hl very low values to the high values that cause the structures shown in figure 1 of

Corona-~Solar Wind Coupling: Review. Although there is as yet no generai
agreement on the physics of coronal transient acceleration some modelling has
been done of the transient as it passes through the corona. These modelis will
not be reviewed here because they are a problem of sources of the wind and not
propagation. However, there is a problem of special interest tec interplanetary

propagation. Interplanetary propagation models begin calculations at a source
surface far enough away from the sun so that the ambient solar wind and the
transient wind are both already supersonic. The models of the coronal

propagation of transients have not been taken through the critical points out to
the source surface. The modellers at the conference felt that this probiem did
not present any basic difficulties and could be done quite readily.

Interplanetary propagation of transient disturbances has also been studiec
for many vyears. Viewgraph 6 shows a 20} MHD model of a transient disturbance
propagating into a homogeneous ambient solar wina as the disturbance front
travels from 0.1 AU to 1 AU. The formation of shocks and a rarefaction are seen.

SECTION 3: TRANSIENTS PROPAGATING INTO INHOMOGENEOUS SOLAR WIND

It is often quite difficult to compare the results of model calculations to
observations because in the actual solar wind the disturbance does not propagate
into a homogeneous ambient wind and the structures within the ambient can have a
profound effect on the observations. Viewgraph 6 shows somec results of a mode:
calculation in which a transient was allowed to propagate into an ambient soiar
wind stream (the stream in viewgraph 2.) The viewgraph shows the disturbance as
it would be observed at Earth at different positions in the ambicnt stream and
illustrates the importance of the interactions among disturbances to predicting
the appearance of events at Earth.

The problem of modeling the propation of solar wind stream or transient
disturbances in a 3D MIHD model taking into account all ambient solar wind time
dependences and latitudinai and longitudinal inhomogenticties in space is a
forbidding project. Various simplifications have been made. The 2 and 3D MHD
models already discussed simplify the latitudinal, longitudinal and the tme
dependences of the ambient wind but retain the physics of the flow eguations. A
second approach which has also becn attempted is to retain some of the
complexities within the amblent wind but to simplify and approximate the
treatment of the flow. This approach is especially uscful in trying to get a
picture of the effects of the underlying ambient wind in predicting what
observations can be expected at Earth.

SECTION 4: OUTSTANDING PROBLEMS
INITIAL CONDITIONS: Source Surface

The paramecters that must be specified on the source surface for model
calculations include, velocity., density, temperature. magnetic field and Alfven

fiux. More work needs to be done to be able to predict soldr wind parameters on
the source surface as a function of time from solar observations. An importent

62




prob.em unce: :n.s necewang is the determination of the magnitude and direction of
the magnetic field in the transient driver wind at the source surface. (This
entire area is an active one at present but has not been reviewed here because it
is a question of sun-solar wind coupling rather than interpianetary propagation.)

Observational Questions

Viewgraph 7 shows a list of outstanding questions that remain to be studied in
order to be able to predict geomagnetic activity.

o The longitudinal and latitudinal extent of structures associated with geo-
effective transients at 1 AU has not yet been satisfactorily determinecd.
For example, it is generalily agreed that many shocks have a broad front,
covering over 600 in longitude. What percentage of disturbance fronts are
of large longitudinal extent. If some are relatively narrow. can we predict
which ones will be narrow? What is the typicai longitudinal extent of he
driver?

0 The latitudinal structure of streams is not yet well described. This is an
area of active research at present, involving several groups.

0 The contribution of waves and turbulence to the geo-effective field should
be evaluated. The intensity of the southward field component of the IMI in
streams can not be predicted from current propagation studies alone becausc
it is very likely due to waves and turbulence generated during the
propagation through interplanetary space. Both Alfven waves and
magnetosonic waves contribute (the language of turbulence may be more
appropriate.)

o Carry out those studies of waves and turbulence that will be requirecd to
incorporate this phenomena in propagation modelis. At present. these
phenomena are omitted from propagation model work but. becausc of their
importance in producing the geo-effective IMF, they must be included in some
way if we are to produce a propagation model that predicts gecomagnetic

activity.
o Jetermine the source of the large geo-effective fields observed at the tarth
in transient disturbances. Are they due to a distortion of the pre-

existing fields in the ambient plasma or are thcy due to the field within
the driver wind or both? Since these geo-effective fields cause the iargest
geomagnetic storms and the most hazardous magnetospheric conditions, this
question must be resolved before a propagation model can be used as a
prediction tool.

Modeling and Theory
Viewgraph 8 lists advances required in modeling and theory for the development of

an accurate, cost effective prediction tool. Work is currently in progress in
all of the areas listed.
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o A good deal of work is stili required before the initial conditions on the

source surface can be adaquately described. Somc problems in this area have
' been mentioned briefly but it has not been reviewed here since it is a
corona-solar wind coupling problem and this brief review deals with
interplanetary propagation.

o] Validation and verification of propagation models should be continued. For
example, the most physically comprehensive models that we now have (3D MHD)
predict shocks forming at less than 1 AU for realistic input parameters at

0.3 AU. This failure of the models is not understood and until it is we can

not be sure that we understand the physics of the problem correctly.

o Development, validation and verification of disturbance interaction modeis
should be continued. Understanding interactions among disturbances (stream-
stream stream-transient, and transient-transient) requires more study. We
need to know how important to the prediction effort we expect the results to
be for realistic parameters of the solar wind. These models should probably
be of two kinds, one that simplifies the geometry of the problem but retains
the physics of flow and the other that simplifies the physics of the fiow
but maintains the complexity of the geometry.

o Theoretical studies of interplanetary production and attenuation of geo-
effective waves and turbulence are required before this important cause of
geomagnetic disturbances can be included in propagation models.

0 Once understood, waves and turbulence must be incorporated in some way into
the prediction propagation models. The first step in this direction mav be
little more than empirical, but, more sophistiated models can be expected to
be developed as the Air Force prediction needs require.

o Simpiification of the propagation modcis developed by the studies outiincd
above will be required in order to produce a cost effective reiiable
prediction tool. Once the physical phenomena have been understood and

modeled, approximations can be made to produce a working moaei that
adequately reproduce the behavior of the geo-effective parameters at 1 AU.
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Viewgraphs

Solar wind parameters changed during interplanetary propagation between a
source surface {(near the sun) and the earth.

Schematic of observations of streams at earth. The abscissa gives the time
as degrees of solar rotation. Thirty degrees of rotation corresponds to
about 50 hours.

Comparison of 2 dimensional (D), hydromagnetic (HD) and 2D
magnetohydrodynamic (MHD) model results. (from Pizzo, V.J. Interplanetary
shocks on a largec scale - A retrospective on the last decades thcoreticai
efforts. to appear in proceedings of the Chapman Conference on Collisionless
Shock Waves in the Helosphere, Napa Valley, CA FeB 20-24. 1984.)

Comparison of 1, 2, and 3D MHD model results (Pizzo, ibid.)

A 2D, MHD model of a transient in the solar wind. showing contour maps of

log n (n = density). (from D'Uston, C., M. Dryer, S.M. Han and S.T. Wwu,
Spatial Structure of flilare associated perturbations in the solar wind
simulated by a two-dimensional numerical MHS model. J. Geophys. Res 86.
525, 1981.)

A 3D, HD mode]l] of a transient propagating into an ambient solar wind
containing streams. The top figure gives the density and velocity of the
ambient stream (as in view graph 3) and shows the 8 positions of the
undisturbed stream at which observations are assumed to be made in the
modeiing effort. The numbers at the top of the upper graph show the
disturbance transit time in hours for the disturbance as observed at each
position. The density and velocity changes predicted by the model for each
of these positions are shown in the lower pancl. (From Hirshberg. J.. ¥
Nakagawa and R.E. Wellck, Propagation of sudden disturbances through a non-
homogeneous solar wind, J. Geophys. Res 79, 3726. 1974).

Outstanding proolems in producing an accurate. cost effective prediction
tnol that requirc analysis of existing observations for solution.

Ouistanding probiems in producing an accuratc, cost effective prediction
tool that retuire modeling and/or theoretical efforts for solution.
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Corona-Solar Wind Coupling: Program Plans
Joan Feynman
Jet Propulsion Laboratory

Pasadena, CA 91109

INTRODUCTION
This report contains a brief description of problems that still remain
for the development of an enhanced capability of predicting the level of
geomagnetic disturbance. The identification of these problems is based on
the review of the Jliterature described in the report entitled Corona-Soiar
Wind Coupling: Review (J. Feynman. Report 1, 1987). Ten and 3 year rescarch

plans designed to address thesc problems are then presented.

In the first section the list of remaining problems is given. This
list was drawn up without regard to the difficulties of the probiems.
Section 2 presents an integrated 10 year plan designed to address these
problems. In section 3 five studies have been selected that are
particularly important and appear, in the opinion of the author. to be ready
for significant progress if funded for about 800 K/yr ($800,000 per year)
among them for a period of 3 years. This is essentially a 3 year plan. No
attempt has been made to make recommendations in these plans concerning
observational programs since that was assumed to be outside the purview of

these studies.
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SECTION 1
This section presents a brief listing of the problems that wiil need
attention in the 10 year plan for research. These problems are discussed in
detail in the review of corona solar wind coupling. The organization of
this section follows that of the review. The reader should also consult the

review for the definition of any unfamiliar terms.

Causes of Southward B,

The solar wind parameters that are most important in driving
geomagnetic activity are the velocity and the north-south component of the
magnetic field, Bz. Although we have only empirical methods of predicting
velocity, the situation is even worse for B;. Very little study has gonc
into the question of the causes of By in the solar wind and even the
empirical description of the occurance of Bz is rudimentary at best. Very
significant progress must be made in identifying and understanding the
causes of By before we can develop a good prediction capability. This is

the most important unexplored subject in the prediction field.

Solar wind theory

The unsatisfactory statc of solar wind theory after so many ycars ot
work by so many scientists suggests that no major advances in the ability to
predict geo-effective solar wind parameters can be expected on a shori time
scale from supporting particular thcoretical studies. The most promising
approaches at this time appear to bec in the areas of the development of self

consistent approaches and in some studies of acceleration mechanisms
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There are several problems in the self consistent area that are
currently receiving attention; self consistent treatments of the composition
of the solar atmosphere and solar wind, self consistent wave energy
deposition studies to produce the chromosphere corona and solar wind
simultaneously. In addition, there are studies of self consistent
treatments of the coronal matcrial, solar wind and coronal magnetic field
that produce large scale coronal structures such as holes and at the same
time produce the wind holes enmit. These latter studies are the most
promising for prediction. Modeling work in this area is being supported at
present and should be continued because of its relevance to prediction.
These modeling efforts are included in the 10 and 3 year plans as part of

each of the non-theoretical categories.

Several new studies of solar wind acceleration mechanisms are underwav.
The implications of the idea that the solar wind is accelerated by small
sceie reconnection and magnetic buoyancy are being examined. Mechanisms to
produce the observed acceleration of coronal transients passing through the
corona are also being studied. Magnetic buoyancy is an interesting
contender here as well. The time - table for payoff for these studies is
very uncertain although studies of the acceleration of transients have the
advantage of being constrained by new observations. This will be an

important area to watch.

)

|-




Coronal Holes

Observations:

Observations of holes should be upgraded by resuming space based soft
X-ray and XUV observations. These are required for monitoring as well as
for obtaining detailed data that would aid empirical and modeling studies of
hole - solar wind relations. However, no recommendations on observing
programs are included in the program plans given here because that was

considered to be beyond the scope of these studies.

Empirical Studies:

The relationship between individual stable holes and the properties of
the particular solar wind streams that issue from the holes should be
investigated. Studics should include (1) guestions concerning the rclation
between magnetic field flux density in the hole and the solar wind field
intensity, (2) qucstions concerning a comparison of the properties of the
holes to the solar wind velocity, (3) and questions concerning the source of

southward interplanetary field within solar wind accelerated in holes.

The role of holes as sources of fast solar wind streams should be
clarified, especially for relatively short lived holes not contiguous with
large polar holes. Do all high speed streams come from holes? Do all holes

emit high speed streams?

The behavior of stable holes during the current solar cyele should be

compared with that of 1973-1974. The holes of 1973 1974 were probabiv
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unusually large and stable since the associated recurrent geomagnetic storms

were unusually strong and stable when compared with the experience of the 9

h most recent solar cycles. In what ways do the holes in the current cycle
differ from the earlier holes? This may be more difficult to study then it

appears due to the lack of continuous space based observations.

Short lived holes should be studied in more detail. What is their life
history and relation, if any, to coronal transients? How do they contribute

to the geo-effective solar wind?

Modeling:

Continucd modeling of solar wind from holes should also be encouraged.
The relation between a range of conditions within the hole and the resultant
solar wind in space should be investigated. The models should be improved
as theoretical advances and the results of observational studies permit.
The models should also be verificd by comparison with particular hole-wind

pairs.

Coronal Transicnts

Observations:

Observations from space should be continued at least until ground based
techniques are reliable and well calibrated and until we are sure we have
the data required for an accurate description of transients, including solar
cycle effects. Currently only the NCAR-HAO coronameter-polarimeter 1is
making space observations and it is probable that these will be terminated

within the year. Again, no recommendations are included in the program pian
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since observational programs are considered to be beyond the scope of these

studies.

Empirical Studies:
The empirical description of coronal transients, including solar cycle
changes. is still being developed by groups at NRL and HAO. This work

should be carried to completion.

For geomagnetic prediction it is important to describe and understand
the relationship between transients, flares and rising prominences as wclil

as the relation between major and minor ejections.

The role of coronal transients in the geo-effectjve solar wind should
be further studied. Do transients provide a major source of BRz? Since
transients occur at all phases of the solar cycle is it possible that they

make the major contribution to By throughout the cycle?

Modeling:

Realistic models of the passage of transients through the corona must
wait on theoretical understanding of the acceleration mechanisms that cause
the transients to continue to bc accelerated while they are passing through
the corona. For prediction the aim of such modeling should be to determine
the valucs of the parameters nceded at the source surface as input to the
interplanetary propagation model. These parameters include velocity,

density, temperature and vector maynetic field.
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Slow Solar Wind

h The slow solar wind is associated with geomagnetic quiet because of its
low velocity. It is also generally believed to be characterized by

undisturbed magnetic fields with the spiral field configuration expected

from steady state solar wind theory. However. 1 am not aware of studies
that specifically address the detailed description of the magnetic field in

the slow solar wind directly.

The sources of the slow solar wind have not as yet been sccurely
determinec. There is good evidence both empirically and from wmodeling that
it is associated with the neutral sheet. That concept seems to be at
variance with the idea that the slow wind is the wind to which the 2 fluid
steady-state spherically symmetric theory pertains. Furthermore, is all
slow wind associated with the neutral sheet? Do the parameters describing
this vind remain constant over the solar cycle and from solar cycle to solar
cycle? Further investigation of these questions is needed and a small

effort is recommended in the 10 year plan.

Source Surface for Interplanetary Propagation

Empirical Studies:

Several studies have recently found that the current sheet orders solar
and solar wind properties. Studies of this type should be continued, with
particular emphasis on the geo-effective parameters at the source surface

and the parameters required as input to interplanetary propagation models.
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The Alfven wave flux as a function of position on the source surface
should be evaluated empirically. Since the change in intensity of the
interplanetary waves with distance from the sun can be estimated and the
direction of propagation is believed to be known, it should be possible to
estimate the Alfven flux required at the source surface to produce the
observed levels at earth. The results of these studies could be used as

imput to studies of the coronal sources of these waves.

Estimates of Bz at the source surface should bec attempted by using data
collected near earth., and from Helios and from observations of the corona.
Estimates of Alfven wave fluxes and studies of mass injections will be

important inputs to these studies.

Modcling:
Models of sclar wind and magnetic fields associated with holes should
be carried out from the lower corona to the source surface for a variety of

realistic hule geometries and coronal material and ficld parameters.

Yodels of coronal mass ejections appearing at the source surface should

be developed when enough is known about the acceleration of the transient

material to make the models reasonably realistic.

SECTION 2

A ten yecar plan at a level of 800 K.yr (%800.000 per year) has hteen

developed to address the problems listed in Sectiorn 1. A summary ol ot
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plan is shown in figure 1. The categories "theory, source surface. slow
solar wind, transients and holes' are the same as those used in report 1 and
scction 1 of this report. A new category., 'supporting solar wind studies’
has been added. This category contains work on the solar wind which is

needed to support the planned solar wind-corona coupling studies. The plan

is given in units of 100 K ($100.,000). Again no funding is recommended for
new observations becausec that was believed to be outside the purview of this

study.

The details of the 10 year plan are given in figure 2 which shows the

funding levels for the activities under each category.

'Supporting solar wind' includes two types of studies. The first type
of study that must be carried out addresses the question of how the
southward fieids observed in the solar wind are produced. Until we have the
answer to that question we will not be able to know exactly which coronal
processes must be studied most intensely. The results of thesc solar wind
studies may suggest some changes in the distribution of funds between 'hole’
rescarch and 'transient' research. It is more likely however that re-
ad justments of funding level will be required among the 'activities' within
cach of the categories. The seccond type of study carried out under the

category of Supporting Solar Wind Studies is interplanetary modeling studies

to incorporate the results of other research projects into current

) . ) L J
interplanetary models. This needs to be an ongoing effort so that the 1
rescarch findings of the entirc (oropna-solar wind coupling program becomes
operative as a prediction uperade as rapidly as possible.
.4
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The activities described under the other five categories are derived
from Report 1 and the list of problems given in Section 1 of this report.
The funding levels were determined by estimating the difficulty of the
problem. In addition programs were funded at higher levels at the beginning
of the program if the results of the studies are needed as input to other
investigations. For example, the empirical description of the accecleration
history of coronal transients needs to be completed before modeling or
theoretical studies of the phenomena are carried out. Some modeling can be
started before the theoretical work is begun but a theortical understanding
should be in hand before the modeling is completed. In another example,
funding for studies of the slow solar wind is put off until the last few
vears of the program because the slow wind is not geo-effective and it does
not seem likely that the results will be required as input to the modeiing

effort.

Figure 3 shows the distribution of the funding betwecen studies
involving theory and modeling and studies involving the analysis of data and
the verification of the models by comparison with observation. During the
early vyears, the program concentrates heavily on the empirical studies
required for future modcling. During the first two years some modcling
would be supported as part of the efforts in activities such as the ‘role of
transients in the gco-effective wind' and/or 'sources of By ' and or
'"properties of individual holes vs. properties of the resultant wind
streams’'. As the answers to some of the most pressing empirical problems

are obtained thec theorctical and modecling development efforts receive mope
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funding. At the end of the fourth year the two major efforts receive equal
tunding as shown in the figures. In addition, as time goes on the emphasis
is changed within each effort as can be seen in the detailed plan in figure
2. The 'empirical and model verification' effort begins in a highly
‘empirical studies'mode and shifts to a heavier emphasis on model
verification in the later years (figure 2). The 'theoretical and model
development' effort is heavily tipped to model development throughout the
program. This is because the return to the prediction effort from
theoretical studies is so uncertain and alsc because theory is funded at a
high level by NASA in the 'centers of excellence' program they inslituted a
few years ago. The theoretical effort that begins in the fourth year is
expected to be focused on those problems that are especially important to

prediction.

SECTION 3

In this section 5 studies are described in some detail. 1In the opinion
of the author, thesc studies are ripe for research and would maximize the
payoff to a prediction effort program for a research effort limited to 3
years only. They are decsigned to be funded for a total of 800 K/year. In
the 10 year plan discussed in Section 2 these studies are aiso included but
they are distributed a Jittle differently in both funding lcvel and the time
at which the study should take place. Specifically the slow solar wind
studies which are scheduled for late in the 10 year plan are moved into ihc
three year plan at the expensc of studies of the ordering of solar wind

properties on the source surface. The recommended funding level for each
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study is given for both the 3 year and 10 year plans at the end of each
study description and in figure 4. The detailed 3 year plan is shown in

figure 5.

Study 1, Sources of southward By
Theoretically, a steady expanding solar wind will not have a north
south component of the interplanetary field (Bz) at Earth. There are

however, four different possible sources of Bz in the solar wind:

(1) waves coming from the sun,(2) waves produced in the wind by
interacting streams, (3) a southward field component within coronal
transients as they are emitted into the solar wind. (4) a southward field
component induced by distortion of the ambient interplanetary field as the

coronal transients propagate through space.

We need first to identify which of these 4 mechanisms is most important
in causing the geo-effective Bz. This will require studies of already
existing solar wind data. "Prediction” from coronal observations will have

somewhat different meanings depending which mechanisms are important.

If the most important cause of By is the cxistance of a southwara ficia
within the transient as it is emitted into the solar wind then we require
predictions of when and where transients occur, what the field will be
within them (perhaps in the probablistic sense) and how the field will be
altered by interplanetary propagation. For the casc in which the most

important cause of B; is being induced in the solar wind by distortion of
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the ambient solar wind field by a high speced transient, the field within the
transijent would no longer be required for prediction. However a prediction
of the field within the ambient wind would be needed. Note however it is
much simpler to estimate the field expected in the ambient wind then that
within the transient as it is emitted from the corona. In either case a
model for calculating the effects of interplanetary propagation is required
for prediction of Bz at Earth. Several interplanetary propagation models
now exist, some of which would need to be modified to be applicable to the

prediction problem.

If a southward By is usually due to waves or turbulence in the solar
wind the prediction of Bz would have to be statistical. We need to predict
wave spectra and intensities. It is already known that the Alfven wave
spectra appear to be Kolmogorov. There are also some studies describing the
regions of high speed streams at which Alfven waves are found. More

complete studies are required and coronal sources of high Alfven fluxes

should be identified. A more generalized turbulence 1is produced in the
interplanetary medium in the region in which two streams interact. 1In this
region a variety of MHD and plasma waves are produced. Again we need to

know to what extent these waves result in a geo-effective Bz and, if they do

so, the wave production, spectrum and intensity should be studied.

The funding level recommended for these studies for the 3 year plan is

500 K over 3 years (figure 5) and for the 10 year plan is 600 K during the

first 4 ycars (figure 2}.
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Study 2
Relation of solar wind properties to the properties of coronal holes.

Since they were first observed in 1973, a large number of studies have
been done to identify the coronal holes from which high speed solar wind is
emitted. As a result there are now many cases in which coronal holes are
identified with specific strecams. Empirical studies of the relation between
the properties of specific holes and the properties of the resultant
specific solar wind streams have become possible. For example in figure 3
of the report on corona-solar wind sources the top panel gives the magnetic
field in space whercas the lower panel gives the flux density at the base of
the holes. From the figure there appears to be a relation which was not
reported in the literature when this survey was made. Such studies should
be carried out for a variety of important parameters such as velocity, mass

flux and Alfven wave flux and magnetic ficld intensity.

In conjunction with the these studies, the development of the seif-
consistent wmodels of hole-solar wind pairs that is alrcady underway at
Marshall Space Flight Center should be encouraged. The funding level
recommended for these studies for the 3 year plan is 300 K over 3 years
(figure 5) and for the 10 year plan is 500 K over the first 5 years (figure

2).

Study 3
Transients
The role of transients in producing geocffective solar wind needs morc

study and can be expected to produce improvements in the prediction
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capability relatively rapidly. Work has already been done on the problem of
establishing criteria for recognizing transients as they appear in the solar
wind. Although these criteria are still the subject of debate. enough has
been done so that promising candidates for identification as transient solar
wind parcels can be identified. These events can then be studied further.
For prediction the most important question is the role of transients in
producing southward Bjy. In contrast to the quasi-steady solar wind the
magnetic field within transient solar wind is not expected to have a
preferred direction. For this reason relatively large values of B, are
expected to occur frequently within the transient. Since transients are
common at all phases of the solar cycle it is even possible that they make

the major contribution to B; throughout the cycle.

The level of funding recommended for these studies is a total of 300 K

in the 3 year plan or 900 K distributed over the life of the 10 year plan.

Study 4
Sources of the slow solar wind

In predicting geomagnetic activity it is often important to be able to
predict quiet conditions. For this we need to study the sources of the siow
solar wind. The wind which is emitted from over helmet strcamers is
apparently slow but is this the only source of slow solar wind? Does ai.
slow solar wind havce the same values of the important geoeffective
parameters such as velocity, field intensity and mass flux or are thcse

vaiuces dependent on  the solar cycle for example. These empirical studices
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may be somewhat difficult due to the over-riding of the slow wind by the
neighboring higher speed wind as the stream propagates through

interplanetary space. However, so little is known about the slow wind that

considerable progress may be possible.

This is another area in which modeling is currently underway and should

be supported.

The funding level recommended for these studies is 100 K for either the
3 year plan or the 10 year plan. In the 10 year plan these studies are

carried out during the last 2 years.

Study 5
Studies of the current-sheetl ordering of coronal and solar wind properties
This area is an exciting and promising one for prediction studies
because the position of the current sheet at coronal heights can already be
determined from solar observations. Furthermore many studies are beginning
to show that the current sheet, rather than the solar equatorial plane. is
the ordering structure of the sun at all periods of the solar cycle. and for
a host of different paramecters and processes. Thus if we determinc
empirically how the geo-effective parameters are arranged relative to the
neutral sheet the ability to predict these parameters at earth will be much
enhanced. These studies promise to have a good payvoff in prediction and

should be pursued.
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The funding level recommended for these studies for the 3 year plan is

400 K (figure 5) and for the 10 year plan 1,000 K over 10 years (figure 2).
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